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Introduction: Coal ash, generated from the combustion of coal is principally made up of 
fly ash, which consists of small particles and metals that can affect the development of 
children. Coal ash is predominately stored in landfills and surface impoundments, of 
which many are in proximity to residential areas. According to the Environmental 
Protection Agency, 25% of residents in proximity to electric power plants are children. 
Few studies have reported a positive association between coal ash and its by-products and 
neurobehavioral disorders. The purpose of this study is to explore the relationship 
between coal ash and its components and behaviors underlying autism that includes 
social, thought, and obsessive-compulsive problems. 
Methods: Analysis addressed filter fly ash, lift tape fly ash, and combined filter and lift 
tape fly ash. Body and home metal concentrations were derived from metals found in 
nails and filters, respectively. Fly ash from lift tape and filter were measured using 
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectrometry 
(EDX), while the metals found in nails and filters were measured using Proton Induced 
Emission X-ray (PIXE). Scores from the Child Behavior Checklist were analyzed to 
assess social, thought, and obsessive-compulsive problems. Logistic regression models, 
rank sum tests, and correlation tests were used to assess the relationship between fly ash 
and metals, and social, thought, and obsessive-compulsive problems. 
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Results: There was no statistically significant association between the outcomes and fly 
ash measures. Results from this research suggest that increased copper levels may be 
associated with the development of social problems in children (Odds Ratio (OR)=5.44, 
95% Confidence Interval (CI)=1.07-27.6). We also found that exposure to an aggregate 
of all metals was most strongly associated with thought problems with a linear dose-
response relationship (OR=8.80 for tertile 2; OR=30.2 for tertile 3; Ptrend<0.001). 
Conclusion: Pollutants such as fly ash and metals found in coal ash may affect the 
behavior of children and need to be further studied. Future research is needed to further 
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SUMMARY OF STUDY  
 
Coal plants are major sources of coal combustion residuals like fly ash and heavy 
metals, and Kentucky ranks near the top, of states in the amount of coal ash generated 
and stored in the United States. Fly ash, a product generated from the combustion of coal, 
has been identified as a potential health hazard. Fly ash may contain metals like lead, 
chromium, and aluminum, which have been associated with Autism Spectrum Disorders 
(ASD). Metals also contain neuro-developmental and reproductive toxins that influence 
the growth of the neural tube and other structures necessary for proper brain 
development, which could result in fetal damage, birth defects, developmental delays, 
learning, and behavioral problems like those in ASD.  
Autism Spectrum Disorders are disorders that affect the functioning of the brain 
and central nervous system, characterized by impaired social interaction, repetitive 
behaviors, and restricted interests. Children on the autistic spectrum have impaired 
socialization, thought and obsessive-compulsive problems, which are indicative of 
repeated awkward behaviors and restricted interests. Children with ASD range from the 
severely affected to the highly functional, with high functioning children possessing 
cognitive skills well above the average range compared to others. Even though high 
functioning children might perform well in school, their lack of social interaction and 
ability to communicate, affects their ability to participate in activities involving other 
kids. 
In this study, social problems, thought problems, and obsessive-compulsive 
problems are used as scales to measures autism spectrum disorders, assessed by the Child 
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Behavioral Checklist (CBCL). Even though the CBCL does not directly measure autism, 
studies have shown patterns of elevation on measures on the CBCL that are indicative of 
an autism spectrum disorder. These measures include social problems, thought problems, 
and obsessive-compulsive problems, which were used in this dissertation to capture ASD. 
The purpose of this study is to explore the relationship between fly ash and metals from 
particulate matter and social, thought, and obsessive-compulsive problems underlying 







Specific Aim 1: To determine if children aged 6-14 exposed to fly ash residing within a 
10-mile radius of two coal ash storage facilities in Louisville, KY have greater social, 
thought, and obsessive-compulsive problems as measured using the Child Behavior 
Checklist.  
Specific Aim 2: To assess if children with higher metal concentrations in their body have 
higher scores of social, thought, and obsessive-compulsive problems based on the Child 
Behavioral Checklist.  
Specific Aim 3: To determine whether child’s nail metal concentrations are correlated 




I. Coal Ash Information 
Coal Ash Composition 
Coal is an abundant fossil fuel used for the generation of over 40% of the 
electricity used globally and 30% of the world’s energy needs (1). In the United States, 
coal powered plants account for about 30% of electricity generation (2). Coal powered 
plants generated over 110 million tons of coal combustion residues (coal ash) in 2012 (3), 
about 130 million tons in 2014 (4), and about 107 million tons in 2016 (5). Coal ash is a 
term used to describe the combustion residue produced during the burning of coal in coal 
powered plants (4). Even though coal ash has many applications, only about ¼ of 
generated coal ash is actually recycled or utilized, while the rest becomes a source of 
pollution and is often disposed in landfills or waterways (6–8). In the United States, 
disposal of coal combustion products currently occurs at more than 310 landfills and 735 
large ponds, known as surface impoundments (9). Most of the generated coal ash is 
stored in landfills and ponds, which are often positioned close to residential areas of 
underserved communities, constituting a public health threat to residents.  
Coal ash is comprised of small particles that may contain heavy metals, 
radioactive elements and polycyclic aromatic hydrocarbons (10,11).  Studies report that 
arsenic (12), lead (13), uranium (14) and benzo-pyrene (15) have been found in coal ash 
samples. Coal ash includes bottom ash, boiler slag, flue gas desulfurization material, and 
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fly ash. Bottom ash, a coarse angular particle is composed of a mass of ash particles from 
coal furnaces that are too large to be carried in flue gas, hence, it forms smoke stacks in 
the bottom of the coal furnace (16). Just like bottom ash, boiler slag also known as 
molten bottom ash, consists of heavier particles and it is collected via a wet-bottom 
boiler, and cooled down with water to form a molten mass (17). The large size of bottom 
ash and boiler slag, as well as their low leaching features, reduces the chance of 
inhalation, hence, research studies are often not focused on this (17). Flue gas 
desulfurization is a gas that is left over when sulfur and oxides are removed from coal 
power plants (4). Flue gas desulfurization residues are composed mainly of gypsum and 
materials similar to those that make up fly ash (18).   
Fly Ash  
 
Fly ash constitutes the majority of coal ash representing about 78% of the total 
product (17). Fly ash is a fine silt of spherical powdery particle with diameters ≤ 10 µm 
(PM10), usually gray in color with a refractory property (19,20). The color of fly ash can 
vary from tan to gray, depending on the amount of carbon in the coal that has been 
burned. The toxicity of fly ash is ascertained by the geochemical properties, burning 
processes, and composition of the coal it is derived from (1,10–13). Fly ash is composed 
mainly of silica, some oxides and trace elements (17). Heavy metals like lead and 
mercury are commonly found as well (17). The chemical properties of fly ash are also 
dependent on the type of coal burned, how the coal is burned and how it is stored (20). 
This determines the heating value, ash content, geological origin and chemical 
composition of fly ash.  
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During coal combustion, fly ash ascends in the boiler and is captured by air 
pollution control devices called “scrubbers” (16). After fly ash is collected from the air 
pollution control devices, they are transported to landfills and ponds for disposal or 
storage. Fly ash contains twice the amount of metals in coal ash, making fly ash an even 
more toxic pollutant (21). Since fly ash contains small particles, unused fly ash disposed 
in landfills can be very contaminating, lead to air pollution and numerous health threats 
(22–24). In addition to the threat of air pollution from fugitive dust, fly ash can leach 
from stored landfills, polluting water, air, plants, and soil. Krgovic et al.’s study on 
leaching of minor and major elements during transport and storage of coal ash obtained 
from power plants shows possible leaching of lead, arsenic, and cadmium, which are 
heavy metals known to have adverse health and environmental effects (25).  Reports of 
deterioration from ground water contamination and coal spillage caused by improper 
handling of coal products have been made in various areas (26). EPA reports show 
concentration of arsenic and other metals that exceed their standards for drinking water 
(26). 
Coal Ash Regulations and Storage 
 
In 2015, the Environmental Protection Agency (EPA) released its final Coal 
Combustion Residuals (CCR) Rule that set requirements for the disposal of coal ash from 
coal-fired power plants (27). Prior to December 2014, there were no EPA rules regulating 
the storage and disposal of coal ash. The ruling was made because of studies that showed 
the possible harmful effects that could result from improper disposal and storage of coal 
ash. There were occurrences of large spills in Kingston, Tennessee and Eden, New York 
which led to damage of property and environmental pollution (4). Collapse of the dike 
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used to contain coal ash in Tennessee Valley Authority at Kingston Tennessee, resulted 
in spillage of over 4 million meter cubed of coal ash into nearby rivers and surrounding 
areas. Elevations of various neurotoxic and teratogenic metals and compounds especially 
methyl mercury- a toxic organic source of mercury, were reported in the area (28–30). 
The new rule addresses regulation of ponds and landfills, plant’s location, safety 
practices, ground water protection, transfer of particles into air as dust, and rules for ash 
impoundment sites (9). In addition, the rule requires facilities to document and make 
public any information or changes they make regarding the ruling (9). The rule provides a 
comprehensive and more rigorous design, monitoring, operating, corrective action, 
closure, and post-closure requirements for CCR landfills and surface impoundments. As a 
result of this rule, many landfills and ponds will most likely be closed and/or replaced 
with those that meet the EPA’s requirements. The CCR rule is applicable to old, new, and 
existing facilities and does not apply to plants and facilities that are already closed or no 
longer being used to generate energy.  
The Coal Combustion Residuals (CCR) Rule is established under the Resource 
Conservation and Recovery Act (RCRA) which is the public law that creates the basis for 
the proper management of hazardous and non-hazardous solid waste. The RCRA under 
subtitle D classifies coal ash as a non-hazardous waste. The RCRA also sets forth  criteria 
of standards for ponds and landfills that requires all facilities to comply (31). The key 
requirements of the ruling include structural integrity, hydraulic and air criteria, ground 
water monitoring and corrective action, and standards of the location. Structural integrity 
involves conducting frequent hazard classification assessments for possible damage that 
could occur if there was a problem with an impoundment. It also involves routine 
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assessment of structural stability and routine safety assessment to determine if the 
disposal units meet minimum safety standards (9). The hydraulic criteria require routine 
assessment of the hydraulic capacities and its assessment. Ground water monitoring 
criteria require the use of liners to protect groundwater, mandate ground water cleanup, 
and enforce the closure of unlined impoundments that pollute water and those that do not 
meet structural integrity criteria (9). For meeting location standards, restrictions are in 
place to ensure that landfills cannot be built or placed in sensitive areas, such as wetlands 
and earthquake zones. 
Coal ash and Kentucky  
 
Kentucky is ranked number one in the list of states that generate the most toxic air 
pollution from power plants (32). Kentucky produces over 9 million tons of coal ash, and 
ranks 5th in the United States for production of coal ash (33). A 2007 risk assessment 
conducted by the EPA reported that Kentucky has a total of 43 ponds and 17 landfills. Of 
these, 10 ponds and landfills are unlined. Four of the unlined landfills and ponds have no 
ground water monitoring system, while eight of them have no leachate collection system 
(34). Overall, Kentucky has the third largest coal ash storage in the United States, with a 
capacity of  64,000 acre-feet (33,34). Plants of interest to the study are those located in 
Louisville, Kentucky, both which are located in proximity to residential areas. Residents 
have made claims in the past of observing fly ash like particles in their cars, doors, yards, 
etc. The plants of interest are the Cane Run plant and the Mill Creek plant.  
Cane Run plant 
 
The Cane Run plant is Louisville Gas and Electric (LG&E) company’s electric 
generation stem, located in West Louisville. The Cane Run plant sits along the Ohio 
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River located in southwest Jefferson County. The plant began operations in 1954 and has 
made updates over time; most currently in Cane Run plant unit 7, which became 
commercially available in 2015 (35). The newest Cane Run plant- unit 7 is the first 
natural gas combined cycle generating power plant in Kentucky. Prior to development of 
unit 7, coal high in sulfur was used as the primary fuel source and over a million tons was 
burned annually (35). Sulfur which is hazardous when burned in coal, has tendency to 
cause harm to the environment (36). Even though the most recent plant uses natural gas 
as a result of cost of complying to updated air pollution regulations, emission of toxic 
waste is still bound to happen.  
While Cane Run no longer burns coal to produce energy, the landfill and coal ash 
ponds are yet to be completely covered, which can cause fugitive dust to be blown by 
wind to residential areas (37). Cane Run’s landfill stores by-products of coal ash and has 
been estimated to produce wastes with an elevation of about 560 feet (38). Cane Run’s 
main ash pond has been ranked as highly hazardous by the EPA (39). The rating for 
highly hazardous implies that collapse or failure of the unit will result in potential loss of 
life (39). EPA’s recent ruling recognized that improper disposal of coal ash could cause 
harm, and rules are in place to ensure proper disposal of coal ash products, including 
control of leakage and blowing of waste products into the air. LG&E plans to cap and 
close the Cane Run landfill, but has not provided a timeline for when this action will be 
taken (40). Closure of a landfill or pond must be completed either by leaving the waste in 
place and installing a final cover system or through removal of the wastes and 
decontamination of the unit. Closure of landfills could involve dewatering the ash, lining 
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the water ponds, and installing a cap over the site to prevent rainwater from filtering into 
the material and increasing the risk of groundwater pollution (9).  
Mill Creek Plant  
 
The Mill Creek generating power station is owned by LG&E. It is the largest 
coal-ash generating power plant in Kentucky, with a capacity of about 1400 megawatts 
(MW) (41). The Mill Creek plant sits on 544 acres of land, near the Ohio River, located 
in southwest Louisville, Kentucky. The plant was constructed as a result of increased 
demand in energy supply, which led to a need for an additional plant that could generate 
energy. The plant started functioning in 1972 to meet this increased demand (41).  The 
Mill Creek plant consists of four coal-operated electric generating units. Units 1 and 2 
began operation in 1972 and unit 3 in 1978. The latest addition is unit 4, which began 
operation in 1982. Unlike the Cane Run plant, the Mill Creek plant still uses coal as 
source of fuel and generates coal combustion residual by-products like fly ash, boiler, 
slag, bottom ash and gypsum. The Mill Creek plant consumes about 4.8 million tons of 
coal per year (41). Waste products from the plant are disposed in the main landfills or ash 
pounds (42).  In addition to the major large ash pond, there are four smaller ones which 
supply and receive water, suspended materials, and sedimentation, which discharges into 
the Ohio River. The Mill Creek main ash pond is located on the North side of the power 
plant and faces the East side of the Ohio river (42). Fly ash that is generated from the 
power plant is collected using electrostatic precipitators and then placed in the on-site 
landfill, while bottom ash is washed off to the ash pond (42). Mill Creek has 
demonstrated damage to ground water moving off to the Ohio river, and heavy metals 
like arsenic have been found, which exceeds state and federal levels (43).  
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In 1982, the Kentucky Division of Waste Management (KDWM) initially 
provided a permit for a 185-acre coal by-product landfill, however, expansions have been 
made over time to increase the size of the landfill (43). Another 79-acre ash pond was 
built in 1972, in addition to commissioning of the four smaller ponds (43). KDWM did 
not require a liner for the landfill in the first expansion in 1990. The second expansion of 
the landfill made use of clay liners, which limits the seepage of metals, however, the clay 
is subject to deterioration from factors like desiccation (43). The KDWM assigned the 
Mill Creek main ash pond a “high hazard” classification because of its proximity to 
residential areas. The main pond is located less than 150 feet to a school in the area and 
can cause harm to people who live in the area (42). According to LG&E, the ponds at 
Mill Creek are expected to be closed by 2020. This closure statement was made in 
response to the EPA’s Disposal of Coal Combustion Residuals from Electric Utilities 
Rule (44). LG&E also made a statement about investing more than $300 million dollars 
in additional environmental improvements.  
Content of coal ash/fly ash and relationship with health in general 
 
Fly ash can enter the body through inhalation, ingestion, eye, and skin exposure. 
There are both long and short terms effects of exposure to fly ash. One of the most entry 
routes for fly ash into the body is via inhalation. Fly ash consists of very tiny particles 
which when inhaled, can penetrate deep into the lungs leading to inflammation of cells, 
irritation of the mucous membrane of the respiratory tract, and accompanying immune 
system response and reactions (45).  Fly ash contains silica in the form of silicon dioxide 
which is capable of attaching firmly in the lungs, and continued exposure to fly ash may 
result in pulmonary fibrosis, chronic bronchitis, silicosis, and other diseases (45). In a 
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case study by Cho et al., a 48 year old man without history of respiratory problems 
developed acute lung disease after prolonged and intensive exposure to fly ash (45).  
Fly ash is a form of particulate matter in the size range of PM10.  Particulate 
matter is part of air pollution, and is made up of extremely small particles and liquid 
droplets found in the air we breathe. Particulate matter comes in various sizes, including 
PM2.5 (particulate matter with a diameter of 2.5 microns or less) and PM10 (particulate 
matter with a diameter of 10 microns or less) (46,47). Particulate matter contains heavy 
metals like lead, mercury, and chromium and can cause harm (48–50). Particulate matter 
is an environmental pollutant and has been ranked as the 13th leading cause of mortality 
worldwide, with about 800,000 premature deaths (47). Particulate matter has also been 
linked with impaired cardiovascular, brain, respiratory, and pulmonary health (47).   
Heavy Metals Often Found in Fly Ash  
 
Heavy metals found in fly ash have the ability to disrupt vital biochemical 
processes required for proper functioning of the body (51,52). As a result, the production 
of chemically reactive chemicals which contain oxygen in turn disrupts enzymatic 
activities leading to malfunction of body processes (51,53).   
Heavy metals like arsenic can bind to compounds like thiols to disrupt enzyme 
action. Arsenic is one of the most toxic metals found in fly ash and it is a hazardous 
environmental pollutant. The Agency for Toxic Substances and Disease Registry 
(ATSDR) classifies arsenic as a carcinogen (54). Arsenic can get into the body via 
drinking water, inhalation or skin absorption.  Studies have shown that chronic exposure 
to arsenic is associated with heart disease (55), diabetes (56), bladder cancer (57), lung 
cancer, (37) and impairments in children’s intellectual function (58). A study conducted 
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in Bangladesh showed that children with higher concentrations of arsenic in urine had 
higher odds of developing pneumonia compared to children with low level urine arsenic 
levels (OR :1.88; 95 % CI: 1.01, 3.53) (59). 
Lead is another toxic metal found in fly ash. Lead is found in water, air, soil, and 
in lead paints. Children are particularly at risk for lead effects because of their relatively 
greater body surface area, leading their bodies to absorb relatively greater proportions of 
the chemical compared to adults (60). Children are also more likely to put items that 
might have lead in their mouths and play in soil that has lead in it (60). Lead exposure 
can result in impaired learning, slow growth, behavioral problems, lower IQ and 
hyperactivity in children (60). Chronic lead exposure can also affect adults and result in 
health problems like hypertension, hearing problem, and male reproductive organ 
impairment (61). The industrial use of lead has decreased over time following reports of 
adverse health effects of lead exposure in recent years.  
Mercury is a neurotoxin and the third most regularly released toxic substance 
from waste facilities (62,63). Mercury exists in different forms - as organic, elemental, 
and inorganic. All these forms are toxic. These various forms can be exposed to humans 
via food contamination, air pollution, industrial, occupational and agricultural activities 
(64). Mercury has a low excretion rate, a little of it is excreted while the rest is absorbed 
by different organs in the body (e.g. kidney and liver) to produce neurotoxic and 
deteriorating effects (64,65). The effects of mercury on neuro-behavioral development in 
early years have also been reported (51,66). 
Cadmium and chromium found in fly ash can have toxic effects on health. 
Cadmium from coal ash dust can be inhaled from fly ash stored in uncovered landfills. 
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Cadmium exposure can result in osteoporosis and is also related to cancer and 
hypertension (61). Other cadmium effects include kidney problems, which result in 
increased urinary protein (67). About 300,000 workers are exposed to chromium and its 
compounds in the workplace (64). Even though chromium is most absorbed via 
inhalation, reports of skin inflammation after chronic exposure to chromium have been 
documented by some researchers (64,68).  
Additional Trace Metals/Elements found in Fly Ash 
 
Elemental analysis of fly ash showed presence of aluminum, copper, iron, 
manganese, nickel, zinc, and titanium (19,69).  Aluminum is one of the neurotoxic 
elements found in fly ash (69,70). Aluminum is ubiquitous and is one of the most 
abundant elements on the earth making aluminum exposure possible (70). Aluminum can 
be found in various consumer products including body deodorants, antacids, and also is 
naturally present in water, soil, and air (71). The concentration of aluminum accumulates 
over time with age and can be found in the brain, implying that older people are more 
likely to have high aluminum content compared to younger people which is why a 
possible link between aluminum and Alzheimer’s disease is implied (70). Aluminum is 
also released to the environment via coal power plants (71). Aluminum is a biologically 
reactive element and has the ability to destroy cellular functions which will result in 
neurological deficits. A case-control study by Mohammed et al showed that levels of 
aluminum were higher among children with autism compared to children without autism, 
and was examined using hair samples (72).  
Copper is an essential element that naturally occurs throughout the earth’s crust 
(in water, air, and soil). Copper can be used for water treatment and in agricultural 
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products and it is used to create products like copper wires, pipes, and coins (73). 
Exposure to copper can result in redness of eyes, eye irritation and pain, and skin 
irritation. Copper or copper fumes and dust can be absorbed into the body via inhalation 
and ingestion, and can result in lung damage and pulmonary fibrosis (73). Ingestion or 
inhalation of large doses of copper can result in renal failure, liver damage, or even death 
(73).  
Iron is an important component of hemoglobin, which aids in transportation of 
oxygen to cells, tissues, organs, and systems where they are needed (74). Iron is an 
essential element that is used in many consumer products like multivitamins that are used 
to prevent anemia (74). Iron deficiency (anemia) can result in cognitive and attention 
deficits. When iron levels are low in the body, levels of iron dependent enzymes 
(enzymes which catalyze a wide range of oxygen reactions, and involved in many cellular 
metabolic pathways) reduce which can result in problems with cognitive functions (75). 
On the other hand, excess levels of iron in the body can result in central nervous system 
problems and Parkinson’s disease (75).  
Manganese is a trace element, that functions in many enzyme actions, and that 
occurs naturally in the environment (76). Low levels of manganese is considered a 
nutritional element which is essential to human health. Even though manganese 
deficiency is rare, health problems like impaired growth and developmental abnormalities 
can occur (76). Chronic exposure to manganese can occur by inhalation and can result in 
manganese poisoning which can result in various psychiatric and motor problems (76).  
Nickel, an abundant natural element in the earth’s crust can be found in ocean 
floors (77). One of the major characteristics of nickel is that it readily forms alloys or can 
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easily be remerged with elements like zinc, iron, chromium, and copper. These alloys can 
be used to make jewelry and coins. Coal burning power plants and other industries that 
make use of nickel can release nickel into the environment where it affixes to dust 
particles that end up settling in the ground (77). Furthermore, people can also be exposed 
to nickel by eating food that contains nickel, by skin exposure, touching nickel products, 
by drinking water that contains nickel, or by working in industries that use nickel and 
nickel containing products. Lung cancer and chronic bronchitis can result from nickel 
exposure especially among chronically exposed people like those who work in places that 
use nickel (77). Some people are allergic to nickel and could experience skin irritation 
when wearing jewelry that contains nickel or during ear piercing using nickel made 
jewelry. A study by Brandoa et al carried out to determine the prevalence of children who 
have metal allergies, found that children whose ears were pierced were 2.8 times more 
likely to react to nickel than children without pierced ear (Odds Ratio: 2.8; P-value= 
0.031) (78).  
Zinc is also one of the most abundant elements in the earth’s crust, and just like 
nickel, it can combine with many elements to form zinc compounds which are used in 
industries to make things like zinc roofing sheets, ceramics, rubber, staining textiles, and 
conserving timber (79). More common exposures of zinc include use in consumer 
products like deodorants, multivitamin supplements, diaper rash lotions, antidandruff 
shampoos, and acne treatment products (79). Coal burning can increase levels of zinc in 
the air (79). Levels of zinc in the soil can increase as a result of dumping of zinc waste 
products, while air levels can increase when industrial activities like coal burning releases 
zinc particles in the air which then attaches to dust particles and settles over the ground 
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and water systems (79). Deficiency of zinc is a problem just as much as chronic exposure 
of zinc. Deficiency of zinc can result in birth defects while over consumption of zinc can 
result in pancreatic damage (79).  
Titanium is ranked 9th as one of the most abundant elements in the earth’s crust 
which naturally occurs in combination with either oxygen or iron (80). About 5% of the 
world’s titanium mineral production goes to actually making titanium while the rest goes 
to making titanium dioxide (80). Titanium dioxide can be found in consumer products 
like body lotions and sunscreens (81). Inhalation or chronic exposure to titanium dioxide 
can result in cell death, DNA damage, and inflammation of lung and throat cells (81). 
Inhaled titanium dioxide can transfer to the central nervous system crossing the blood 
brain barrier through the olfactory pathway (82). Inhalation of titanium dioxide occurs 
primarily in occupational settings where titanium oxide powders and products are 
consistently used. Exposure can also occur via ingesting food products like cheese, ice 
cream, and pharmaceutical products (82).  
Other Hazardous Contents of Fly Ash 
 
 Various radioactive elements are found in coal, and as a result, fly ash contains 
varying amount of radioactive elements or radionucleotides, depending on the type of 
coal and its geochemical properties (83). Soil samples from the Tennessee Kingston spill 
showed high levels of radioactive radium compared to soil samples from an unaffected 
area (84,85). Uranium which is the most significant source of radon gas is redistributed in 
the environment when coal is burned. Radioactive elements are also retained when coal is 
burned and products like fugitive dust (particulate matter) are formed. These radioactive 
elements undergo radioactive decay, and are transported to the lungs, resulting in lung 
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cancer and substituting the calcium content in bones (86).  Populations in proximity to 
ash storage sites are exposed to increased doses of radioactive elements and pose a health 
threat to them (87). Products from coal combustion like fly ash are often recycled and 
used as building materials for homes, this activity poses a risk of increasing levels of 
radioactive elements in homes that were built with these coal product materials (88).  
Polyaromatic hydrocarbons (PAH) are comprised of different chemicals that are 
formed during incomplete combustion of coal (89). PAHs in coal are the major source of 
organic pollution, and exert toxic effects via various actions. PAHs are commonly found 
in air, water, and soil (90,91). PAHs are able to bind to DNA to form DNA-adducts, a 
biomarker that has been linked to cancer (92,93). A study of New York children born to 
non-smoking mothers followed starting in utero to age 8 found prenatal exposure to PAH 
to be associated with neurodevelopmental problems in children (93,94). Similarly, a high 
risk of cancer was observed in a cohort of workers in various industries exposed to PAH 
(93,95). 
Coal Ash Effects on Worker’s Health 
 
Landfill workers who handle the transportation, disposal, and recycling of coal 
ash are at increased risk of health hazards due to exposure to these metals, particulate 
matter, and PAHs found in fly ash. About 36% of generated fly ash is disposed in 
landfills, 21% is stored in pond or wet impoundments, while the remaining are recycled 
or used in industrial applications (86). Transmission routes could be via exposure before 
combustion, during combustion, and after combustion. Some exposure can occur in all 
the different transmission routes. A worker can be exposed to particulate matter before 
coal is completely combusted and afterward to post-combustion products, like fly ash 
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(96). An occupational study of the effect of chronic exposure to heavy metals and fly ash 
on workers found that power plant workers had higher level of arsenic and mercury 
compared to non-occupational workers (51). Significant positive correlations were also 
found between arsenic and zinc (51). 
Coal ash and fly ash effect on children’s health  
 
Children are considered a vulnerable population because they exhibit behaviors 
that increase their risk of exposure. Children tend to play on the ground and ingest items 
they come in contact with. Children also breathe in more air, making their exposure to 
pollution greater than that of adults. Children’s lungs do not completely develop till late 
teen years, and developing organs like the lungs are more susceptible to toxic effects and 
environmental pollutants. In addition, children absorb more pollutants than adults and are 
more likely to retain them over time because they tend to spend more time outside. 
Children tend to be mouth breathers as well (not just nasal breathers) which increases 
their ventilation rate, thereby increasing the amount of pollutants taken up by the lungs. 
Undeveloped  immune system could also pose health risks in children (97,98). These 
behaviors and processes in kids can increase their chances of being exposed to coal ash 
via ingestion, inhalation or skin absorption.  
According to the EPA, 25% of residents in proximity to electric power plants are 
children (31). Studies have shown that children prenatally exposed to coal ash containing 
lead and polyaromatic hydrocarbons have decreased language, motor, and social progress 
(3,99,100). Tang et al assessed the effects of prenatal exposure to coal-burning pollutants 
on children’s development in China, and found that exposure to pollutants from power 
plants harmed the development of children living in the study region (100).  
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Particulate matter exposure is also associated with decreased lung function (101) 
and increased asthma risk in children (102). There is increasing evidence of the adverse 
effects of prenatal exposure to air pollutants from the combustion of coal. A recent study 
on autism spectrum disorder and air pollution before, during and after pregnancy showed 
that increased maternal exposure to PM2.5 during third trimester of pregnancy was 
associated with a greater likelihood of a child having an autism spectrum disorder (103). 
Studies have also found an inverse relationship between children’s intelligence scores, IQ 
scores, and memory test scores with manganese and arsenic exposure (104).Various 
heavy metals have also been shown to impact children’s cognitive functions and abilities 
(105).   
Several studies have demonstrated that long term exposure to heavy metal 
pollutants, such as arsenic, cadmium, mercury, lead, and arsenic, during pregnancy and 
the early years of life is associated with increased incidence of children developmental 
problems like autism (106–108). Heavy metals with adverse health effects on the immune 
system can lead to the abnormal secretion and activation of cytokines. Exposure to 
cytokines and other heavy metals during the critical period of development may interfere 
with the immune and nervous system, leading to the development of behavioral issues 
(106,108). Children with autism retain mercury in their body due to impairments in 
detoxification pathways (63).  
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II. Autism Information  
 
Overview of Autism Spectrum Disorders 
 
Autism Spectrum Disorder (ASD), also known as “autism” is a 
neurodevelopmental disorder characterized by impaired social interaction, 
communication deficits, repetitive behaviors, and restricted interests (106,109). Initially, 
autism disorders were recognized as distinct subtypes and diagnosed separately under the 
Pervasive Developmental Disorder category, and included autistic disorder, childhood 
disintegrative disorder, pervasive developmental disorder-not otherwise specified (PDD-
NOS) and Asperger syndrome (110,111). These conditions all combined are now referred 
to as autism spectrum disorder. Each individual on the spectrum is unique, and some have 
special skills with specific school subjects, music, visual capabilities, etc. Children with 
autism can display unusual ways of learning, and they are more likely to repeat certain 
behaviors and have difficulties when required to change their usual daily activities.  
Children on the spectrum could also range from those highly affected by it to 
those who might be considered autistic but are still very functional. The high functioning 
children usually possess cognitive skills within or above the average range compared to 
their peers. Even though these children might perform well in school, their lack of social 
interaction will restrict them from participating in activities involving other kids (112). It 
is difficult for children with autism to blend in with daily activities of the society because 
people (teacher, friends) they encounter might not understand the gap caused by ASD 
between their abilities, and awkwardness. The varying spectrums of autism throughout a 
person’s developmental stages present some of the greatest difficulties for researchers. 
Also, the prevalence rates of autism have changed overtime from having a low incidence 
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to describing it as a disorder that is not uncommon. Thus, autism has gained publicity, 
resulting in the recognition of autism as a problem and highlighting the importance of 
autism research.  
Social and Communication Deficits and Autism  
Social skills are vital skills used to navigate through life and are developed and 
improved by constantly interacting with the social world (113). Social skills guide 
individuals on how to engage, interact, and participate with others in different social 
contexts and can be expressed verbally or non-verbally. Social deficits results in lack of 
interaction with others and affects emotional, social and cognitive development (114). 
Deficits in social functioning are the principal features of a child with an autism spectrum 
disorder, however, children on the autism spectrum display varying degrees of social 
deficits/skills (114). Children with social deficits become oblivious of people’s feelings 
and struggle to understand it. They find it difficult to respond to faces and the various 
emotions that goes with each face that is made. Children on the autistic spectrum with 
social deficits find the social world to be fearsome, unnatural, and stressful. As a result, 
they prefer to stay isolated, avoid meeting other people, and will not perform an activity 
without being prompted. The high functioning children who might be social, sometimes 
lack the appropriate words to use to initiate a conversation. Also, social behaviors and 
cues that are deemed appropriate at one age might become inappropriate at another age 
and it is common for children on the ASD spectrum to struggle with this transition (115). 
Overall, children with impaired social functioning, struggle to comprehend social 
nuances, social cues, and require direct, systematic instruction to be able to function 
properly. The negative impacts of social impairments in children with autism spectrum 
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disorder is extensive, therefore, it is important to find effective ways to facilitate 
development of social functioning and understanding among children.  
Behavioral Deficits and Autism  
Behavioral problems experienced by children with ASD are manifested as thought 
problems, repetitive behaviors, having restricted interests, and compulsive behaviors. 
While some children without ASD may display some of these behaviors during different 
levels of development, not all children will pervasively demonstrate these behaviors. 
Restricted and repetitive behaviors form a group of behaviors characterized by repetition 
in an undeviating manner, and a longing for sameness in a setting (116). Restrictive 
behavior is characterized by sticking to interests and activities, and emphasis is that 
aspects of the environment stay the same, while repetition is displayed by recurring 
stereotypic movements, speech, and routines (116). Children exhibit these behaviors 
when they have social fears and difficulty with expressing emotions. They may require 
prompting for various activities and may interminably repeat some behaviors in an order 
that soothes them and only children who display these symptoms can relate to the 
behavior, and order of repetition. Repetitive behaviors, obsessions, and routines can be a 
source of relief and pleasure for children with autism because it helps them to cope with 
day to day living. Children who have these behavioral deficits find it difficult to adjust to 
new routines which can result in display of aggressive behaviors.  
Diagnosis of ASD 
 
Autism has been shown to have its root from early childhood during brain 
development, and usually continues until adulthood (117). Diagnosing autism is not easy 
since there are no blood or medical tests. A combination of judgment of qualified 
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professionals with expertise in use of standardized instruments, such as validated 
questionnaires, in addition to information from the parents is used to identify or diagnose 
a child with autism. Physician diagnosis is often based on a child’s development level 
and behavior. It is possible for a child to be diagnosed below 2 years of age, but a 
diagnosis at two years is considered to be very reliable, however most children receive a 
diagnosis at a much older age (118). According to the U.S. Centers for Disease Control 
and Prevention (CDC), diagnosing autism takes two steps. The first is a developmental 
screening stage which is a short test to determine if a child is at the learning level where 
they should be, and learning the basic skills they should as determined by a Pediatrician 
(118). The physician asks parents questions, and observes how the child learns, behaves, 
speaks, and moves. The second step involves a thorough comprehensive diagnostic 
evaluation, where the child’s behavior and development is further assessed by a physician 
/specialist. It is recommended that all children should be screened for autism during 
regular doctor visits at 18 months and 24 months.  
Autism/autism disorder is diagnosed mainly using two international classification 
systems, ICD-10 and DSM-IV. Both describe behavioral criteria and specify the expected 
onset age. ICD-10 is more commonly used in the United Kingdom and is endorsed by the 
World Health Organization (WHO). The American Psychiatric Association issues the 
Diagnostic and Statistical Manual of Mental Disorders (DSM), which provides 
standardized criteria to help diagnose ASD. Autism was first operationalized in DSM-III 
(third edition), and was strongly influenced by Michael Rutter who is described as the 
father of child psychology. His definition involved conceptualization of restricted 
interest, impaired social and communication development occurring before 30 months of 
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age (110,119). The ensuing revisions in the fourth edition (DSM-IV) and 10th revision of 
the International Classification of Diseases (ICD-10) describes autism as a pervasive 
developmental disorder, which implies that autism comprises of various features like 
impairments in communication, social interaction, and restricted, repetitive, and 
stereotyped behaviors. The most recent version- DSM-V was published in May 2013, 
replacing DSM-IV with controversial changes. DSM-V has incorporated the term autism 
spectrum disorder without a description of different subtypes. DSM-V’s features of 
autism spectrum disorder includes difficulty in social communication and social 
interaction; and restricted and repetitive behavior, interests, or activities. The new criteria 
using DSM-V provides improved descriptions of key features with emphasis on the 
dimensional nature of autism (110,120). DSM-V is more robust than DSM-IV and will 
identify different populations of individuals, although it can produce overlapping results 
(121).  
The Child Behavioral Checklist (CBCL) developed by Thomas Achenbach is a 
commonly used questionnaire for assessing behavioral problems in children. The CBCL 
is an extensively standardized parent or teacher completed checklist of competencies and 
behavioral problems of children between ages 6 and 18. CBCL assessment includes 
statements regarding the child’s behavior and uses a Likert Scale: 0=Not true, 1= 
Somewhat or sometimes true, 2= Very true or often true. The CBCL has scales to reflect 
scores associated with the DSM-IV which includes capturing social problems, 
compulsive problems, etc. (122). Even though the CBCL is designed to assess many 
psychological problems found in children, it does not exactly capture autism just by 
itself. However, there are patterns of elevation on measures on the CBCL that are 
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indicative of an autism spectrum disorder (122). Increased elevations in social, thought, 
attention problems scales, could be indicative of an autism spectrum disorder (122). 
Studies that used the CBCL to compare children with autism versus children with ADHD 
found that significantly elevated scores for withdrawn, social, and thought problem scales 
differentiated children in these two groups (123,124). The scorings on the CBCL are 
indicative of behaviors that commonly occur together, and similar questions are used to 
capture scales of different behavior. In a case control study conducted by Narzisi et al, 
the CBCL was used to effectively distinguish children with autism versus children with 
other psychiatric disorders (123). The CBCL has also been proposed for use in 
diagnosing children with ASD in clinical settings. The CBCL and its many forms have 
been used globally for research purposes, has been translated into over 70 languages, has 
been considered as valid and reliable in assessing behavioral functioning of kids, and has 
been used in thousands of publications.  
 
Prevalence of Autism  
 
The prevalence of autism varies by geographic region and time periods based on 
changes in diagnostic criteria. Recent worldwide median estimate ranges from 0.62% to 
0.70% (121,125). According to the CDC, 1 in 68 children have been recognized to have 
autism spectrum disorders (126). The National Health Interview Survey, a nationwide 
household survey conducted by the CDC in 2014 found the prevalence of ASD among 
children aged 3 to 17 years to be 22.4 per 1000. Another large nationally representative 
survey conducted between 2011 and 2012 (National Survey of Children’s Health) 
reported the prevalence of ASD among children 6-17 years of age to be 20 per 1,000 
(127,128). Recent large population-based surveys suggest an increasing trend in the 
 27 
prevalence of ASD over the past two decades, however, some investigators believe that 
this perceived trend is likely a reflection of increased recognition and changes in 
diagnostic criteria.  
Risk Factors of ASD 
 
There are no established causes of autism, however, genetic factors, environmental 
factors, or a complex interaction between the two could play a role in the development of 
autism (106). 
Gender 
There is consensus that ASD is more common in males than females. Large 
population studies suggest that males are 2 to 3 times more likely to be affected by ASD 
compared to females (110,129–132). In the United States, a survey of 11 sites in the 
Autism and Developmental Disabilities Monitoring Network (ADDM), found that ASD 
is 4.5 times more common in boys aged 8 years than girls aged 8 years (127). Some 
investigators speculate that sex differences in the prevalence of ASD may be related to 
under-recognition of ASD in females and diagnostic bias towards males.  
Race 
ASD affects individuals of all racial and ethnic backgrounds, but recent large 
population-based surveys indicate disparities in the prevalence of ASD by race and 
ethnicity in the United States. The 2012 ADDM surveillance study found that non-
Hispanic white children aged 8 years had a prevalence of ASD that was 20%, 40% and 
50% higher than prevalence rates among non-Hispanic black children, Asian/Pacific 
Islander children, and Hispanic children, respectively. Similarly, the 2009–2010 National 
Survey of Children with Special Health Care Needs (NSCSHCN) found an estimated 
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ASD prevalence for non-Hispanic white children of 15.3 per 1000, nearly 50% and 300% 
higher than the corresponding rates for non-Hispanic black children (10.4 per 1,000), and 
Hispanic children living in households where the primary language was not English (5.2 
per 1,000), respectively (127). These findings may be related to lack of awareness of 
ASD among minority populations and disparities associated with barriers in access to 
diagnostic and treatment services that is commonly seen among minority ethnicities in 
the United States (127).    
Smoking 
Exposure to cigarette smoke is one the risk factors for morbidity and mortality 
among both parents and their children. Smoking can inhibit the transfer of nutrients 
needed for the proper development of a child (133). A large population based cohort 
study investigating the risk of obsessive-compulsive problems and perinatal activities 
found that smoking during pregnancy was associated with increased risk of developing 
obsessive-compulsive disorders (Hazard ratio: 1.27; 95% CI, 1.02-1.58) (134). Beyond 
exposure to smoke before birth, environmental smoke exposure has been linked with 
deficits in children’s neurodevelopment and behaviors of a child (135).  
Genes  
There is a complex interaction between genetic and environmental factors, and 
association with autism. Studies have shown strong genetic connections- a ‘twin study’ 
conducted in the U.K. found that if one of an identical twin had ASD, then there is 
increased chance (60%) of the other twin also having it. With the twin study, it was also 
possible that one of an identical twin could have autism but the other would not, 
indicating the influence of possible environmental factors. Studies have also shown that 
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autism has 80% inheritability rate and this inheritability has an interplay with 
environmental factors (110,136).  
Parent age 
Sandin et al showed that increased maternal and paternal age is a consistent and 
dose-dependent risk factor for autism: relative risk for developing autism increased as 
maternal age increased (137). Another major study published in 2008 by the Journal of 
Epidemiology showed that compared to mothers and fathers aged 25-29 years, there was 
a greater risk of autism if the mother was ≥35 years (OR=1.30, 95% CI:1.1-1.6) and 
father was ≥40 years (OR=1.40, 95% CI:1.1-1.8) (137). The study also reported that the 
first-born child of a household is most likely to be affected by autism spectrum disorders; 
whereas first born child of two older parents are 3 times more likely to develop autism 
than the children born after the first of mothers aged 20-34 years of age and fathers less 
than 40 years of age (137).  
Nutrient 
Complications that can affect the neurodevelopment of the fetus during pregnancy 
have been found to increase the risk of ASD (138), however, taking folic acid supplement 
before and after conception may be a protective factor (139). Micronutrients are essential 
for neurogenesis and the development of the neuro-network. Children with ASD have 







Population indicators of socioeconomic status (SES), such as income, parental 
education, and occupation, are strongly correlated with the health and development of 
children (141).  
Selective Serotonin Reuptake Inhibitors (SSRI) 
ASDs are often characterized by impaired social interaction, communication 
deficits, repetitive behaviors, and can be further characterized based on other factors or 
disorders that simultaneously occurs with it. About 70% of ASD presents itself with other 
co-occurring conditions or comorbid factors like psychiatric, developmental, or other 
medical issues (110). For example, stereotyped and repetitive behavior characteristic of 
ASD is synonymous to compulsive behaviors present in obsessive compulsive disorders. 
As a result, SSRI (a class of drugs) used in treatment of obsessive compulsive disorders 
amongst other developmental disorders like depression and anxiety comorbid with ASD, 
are prescribed as intervention treatments for children with ASD (142,143). Various 
conflicting results have been found regarding benefits, effects, dangers, etc. of SSRI 
being used for ASD. Some studies showed a positive effect of SSRI in aggression and 








III. Environmental Factors for Autism and Neurobehavioral Disorders 
In addition to the afore mentioned risk factors, environmental factors may play a role in 
the development of autism and neurobehavioral disorders.  This section discusses major 
environmental factors.   
Particulate Matter     
 
Traffic related air pollution has an association with neurobehavioral performance 
in general. Studies have investigated the social impact of exposure to particulate matter 
among school children. Children exposed to air pollution particles have lower school 
attendance and academic achievement rates (105,144) which affects their social 
functioning. A longitudinal cohort study by Margolis et al found that prenatal exposure to 
air pollutants affects social competence in later stages of the child’s life resulting in social 
problems (145). Results from the study by Margolis et al showed a positive association 
between presence of air pollutants social problem (P-value<0.04) (145). 
Some studies have shown a positive association between air pollution exposure 
and development of ASD.  A component of the Nurse’s Health Study conducted in 2011, 
set out to examine air pollution exposure during pregnancy using distance of residence to 
major roadways. Comparing 304 cases of ASD and 259 controls, the study reported that 
mothers of children with ASD were more likely to have lived near a freeway during their 
third trimester (OR: 2.22, CI: 1.16, 4.42) or at the time of delivery (OR: 1.86, CI: 1.04, 
4.42) (146). Exposure to particulate matter 2.5 (PM2.5) during pregnancy was also 
associated with increased odds of autism spectrum disorders with an OR of 1.57 (95% 





Heavy metals are considered neurotoxins, developmental and reproductive toxins, 
which can cause fetal damage, birth defects, delay in development, behavioral and 
learning disabilities. These metals influence brain functioning, proper growth of the 
neural tube, and formation of structures necessary for proper brain development 
(147,148). Children are considered a vulnerable group of the population because they 
exhibit behaviors that will increase their risk of exposure. Children can be exposed to 
heavy metals via fertilizers, chemical products, industrial paint, and living close to power 
plants which emit toxic waste. Some children might still live in older homes built with 
lead paint and may eat lead in soil or eat lead chips.  
Antisocial behavior has been linked with exposure to metals like manganese and 
lead which are abundantly present in the earth’s crust (149). Exposure to high levels of 
manganese has also been associated with development of obsessive-compulsive 
behavioral symptoms among adults (149). A group of pediatricians and neurologists 
found that children who were referred to them for evaluation of antisocial and violent 
behaviors were children who had received treatment for lead poisoning in the past 
(149,150). Studies have showed lead and cadmium exposure to be associated with 
aggressive behaviors, learning disabilities, and poorer achievement in schools 
(75,149,151,152). Exposure to arsenic in drinking water has also been associated with 
cognitive/intellectual function (149,153) of which social cognition is part of, which deals 
with thoughts, beliefs, and processes on how the world works. People with intellectual 
deficits, can also experience problems with unrestrained aggression behaviors (154). A 
cross-sectional study which used the Child Behavioral Checklist to measure various 
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behaviors, and the association of these behaviors with metals found that hair levels of 
cadmium, lead, and zinc accounted for up to 15% of the variation in social problems, 
thought problems, attention problems, and aggressive behaviors (155). These results 
indicate that there is a relationship between exposure to these metals and increased 
probability of these behaviors among the school age children been studied (155).  
Mercury, a neurotoxin has been found to be the third most regularly released toxic 
substance from waste facilities, which implies increased exposure rates as well. When 
levels of lead and mercury were assessed among children with ASD in a case-control 
study, blood lead and mercury levels were found to be correlated with the severity of the 
social impairment measures using scales that are used to distinguish autism from other 
behavioral problems (156). Conflicting results have also been reported regarding the 
association between mercury and autism spectrum disorders- some researchers have 
reported positive associations (157,158), some negative(159), and some null results 
(160,161). Windham et al. found three times the amount of mercury in the urine of 
autistic children compared to non-autistic children (147,162). Autistic children may be 
less likely to detoxify heavy metals, and this predisposes them to neural damage, which is 
consistent with autistic behavioral traits like social impairments, thought and compulsive 
problems (147,148). In addition, mothers with chronic metal exposure and content in 
their bodies could pass it on to their fetus or during breast feeding (147).  
Distance to Pollutant Source 
 
An even greater factor that increases the likelihood of ASD is proximity to 
exposure or pollutant sources. It has also been shown that high levels of air pollutants is 
associated with poor birth outcomes, immunologic changes, and decreased cognitive 
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abilities (146,163,164). Volk et al. in their study showed that children with autism were 
more likely to live at residences that had the highest quartile of exposure to traffic-related 
air pollution, during gestation (AOR: 1.98; 95% CI, 1.20-3.31) and during the first year 
of life (AOR: 3.10; 95% CI, 1.76-5.57), compared to control children (146). Additionally, 
proximity to sources of airborne pollutants, including industrial facilities with mercury 
exposure (63), and agricultural pesticides during pregnancy (165) have been associated 
with ASD diagnosis. An association was also found between the risk of autism and an 
early life residence within 309 miles of a freeway in the Childhood Autism Risks from 
Genetics and Environment study (146,166). 
Pesticides  
 
Agricultural products like pesticides comprised of organophosphates and 
organochlorines have been shown to have neurotoxic effects in humans (167). Some of 
these neurotoxic pesticides are still in use despite its neurotoxicity. Various studies have 
explored the relationship between pesticide exposure and ASD. A case-control study 
published in the Childhood Autism and Risks from Gene & Environment (CHARGE) 
study, examined the relationship between prenatal proximity to pesticide fields and 
diagnosis of autism later in life. The study found that children of mothers who lived less 
than a mile from the pesticide field were 6.1 times more likely to develop autism 
compared to children of mothers who lived farther away from the pesticide field (OR: 
6.1; 95% C.I: 2.4-15.3) (168). Further studies are needed to provide more insight on the 




Endocrine disrupting chemicals 
 
Prenatal exposure to endocrine disrupting chemicals like Bisphenol A (BPA) and 
polychlorinated biphenyls (PCB) can disrupt early brain development. Even though many 
endocrine disruptors have been banned, some are still being used like BPA which is 
found in many plastics, canned foods, receipts, etc. Study of the associations between 
PCB and ASD are inconsistent. In a case-control study by Kardas et al., higher serum 
BPA concentrations were reported among cases, suggesting that endocrine disruptors 
could play a critical role in the pathogenesis of ASD (140,169). However, studies 
conducted by other researchers (170,171), did not find any association with the scale that 
measures autism features such as social, repetitive, and stereotypic behaviors, and 
measures of BPA in maternal urine or blood. Disruption of the function of the endocrine 
system as a result of environmental exposures, can also result in abnormal immune 
responses during pregnancy which can eventually result in ASD (106).  
Possible Biological Mechanism  
 
Heavy metals with adverse health effects on the immune system can lead to the 
abnormal secretion and activation of factors that can interfere with communication of 
cells. Exposure to heavy metals during the critical period of development may interfere 
with the immune and nervous system leading to the development of autism spectrum 
disorders and other behavioral issues (106,108). The immune system plays a critical role 
in the gene-environment complex of autism development. Goines et al showed that 
mercury can affect functioning of the immune system and also lead to an increase in the 
intracellular calcium content (172). Children with autism retain mercury in their body due 
to impairments in detoxification pathways (63). Lead can also affect the functioning of 
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the immune system - high levels of lead in the body can inhibit how fast the immune 
system responds, thereby increasing the likelihood of infection (106,172). Concentrations 
of lead in the highest quartile had significantly higher ASD prevalence than lead 
concentrations in the lowest quartile (PR: 1.36: 95% CI: 1.18-1.57) (109). A case-control 
study by Price et al, found that mothers of children with ASD were more frequently 
exposed to lead compared to mothers of children without ASD (66,106). Children who 
are already susceptible to the ASD gene have a higher sensitivity to effects of 
environmental toxins, and exposure to these toxins can stimulate ASD or further increase 
its risk. Exposure to these environmental toxins obstruct chemical signals or transmission 
of neuronal electrical activity, resulting in nerve damage (106).  
Gaps in Knowledge 
 
There are limited studies on relationship between fly ash and behavioral problems 
in children and questions remain regarding the etiology and risk factors of ASD. Results 
will provide important insight into the role of environmental metal exposures and coal 
ash exposure in the diagnosis of ASD, and improve understanding of the potential 
pathophysiologic mechanisms responsible for social problems, thought problems, and 
obsessive-compulsive problems associated with ASD in children. Findings from this 
study may also inform the development of effective public health prevention approaches 





This dissertation was developed from an on-going five-year study (2015-2020) funded by 
the National Institutes of Health (NIEHS), (Grant Number: R01ES024757) to the 
Principal Investigator, Kristina Zierold, PhD, who has expertise in community-based 
environmental research. The collection of data for the parent study began in Fall 2015 
and is on-going. While the grant proposed to assess the relationship between fly ash and 
neurobehavioral performance and symptoms, the specific aims and methodologies 
utilized in this dissertation are different from those posed in the original grant application. 
This dissertation specifically assesses three neurobehavioral outcomes: social problems, 
thought problems, and obsessive-compulsive problems in children.  This dissertation is 
based on analyses of data collected as of November 2017, but more data is being 
collected in the on-going study.  
As a graduate research assistant for the study, I had the opportunity to participate in the 
following study-related activities since July 2015: participant recruitment, consenting and 
assenting participants, preparation of samples and equipment for field work, setting up 
and taking down equipment for air sampling, lift sampling, preparation of samples for 
laboratory analysis, data management, data quality assurance, data analysis, and 
involvement in media campaigns by demonstrating equipment during television 
interviews. Additionally, I was solely responsible for re-contacting participants to derive 
education status as a socioeconomic status measure to be utilized in this dissertation.
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Recruitment Area 
To achieve the overall aims of the ongoing study, 300 children between ages 6 to 
14 who live within a 10-mile radius from the center of the two power plants in Louisville, 
Kentucky are being recruited. This dissertation is based on the subsample (Aim 1=158, 
Aims 2 and 3=134) recruited as of November 2017 and does not include the final total 
sample. One of the power plants (Cane Run) now uses natural gas for generation of 
electricity, but still stores coal ash products on site while the second plant (Mill Creek) 
still burns coal to produce electricity. A Geographic Information Systems (GIS) sampling 
strategy was used for recruitment. Five buffer zones of incremental 2-mile radius distance 
from the center of the power plants were created using (GIS), as described by Allpress et 
al. (173). To account for the effect of wind direction, distance from the plants, and 
exposures from both sites, the buffer zones were further stratified into four quadrants to 
designate 20 sampling units. The use of buffer zones and quadrants ensured that 
participants were representative of the study area and ensured that a balanced number of 
participants are recruited from each zone. Since exposures in the home may vary based 
on season, comparable numbers of children were recruited in each of the seasons (fall, 
spring, summer, and winter).   
Participant Recruitment  
At study initiation, a door-to-door approach for participant recruitment was 
proposed and started.  The study team focused on different sampling units and passed out 
flyers and brochures with information on how to enroll in the study. The study team was 
made up of the principal investigator of the grant, three co-investigators, and five 
graduate research assistants. Flyers and brochures were placed in door handles, door 
protectors, under door mats, and other visible areas for the potential participants. In good 
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weather (no rain) flyers were also placed on car windshields in residential and 
commercial parking lots e.g., grocery stores. Additionally, study team members spoke 
with potential participants when they were outside or available during the times when 
flyers and brochures were distributed. When door-to-door recruitment of participants 
slowed down, the study team then explored other recruitment options, like mailing and 
social media.  
Mail 
In 2017, Dr. Zierold obtained lists of addresses from LeadsPlease.com and 
InfoUSA.  Both these companies sell customized addresses and mailing lists. To optimize 
efficiency of study participant recruitment, addresses targeted areas with children 
residing within the zip codes and sampling units of the study. A letter describing the 
study with the school logo was sent in addition to the flyers used during door to door 
recruitment. Although previous studies have suggested that in-person recruitment tends to 
be more effective compared with mailed contact (174), results were similar for both 
methods in this study. Mailings were usually done 3-4 times a year and total of 800 to 
1,000 letters were sent out each mailing.  
Social Media and Media 
During the third year of the study, in spring 2017, the University of Louisville’s 
communications department developed a media campaign and a corresponding website 
(https://louisville.edu/sphis/research/study-recruitment/coal-ash-and-childrens-health). 
The media campaign resulted in a press release that led to several newspapers, national 
radio, and local television stations being interested in the study. One large newspaper 
article was written in the Courier Journal, the main Louisville newspaper that described 
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the study in detail.  In addition, two Louisville television interviews/taped segments were 
conducted, where details of the study were provided, including a description of the 
deliverables of the study, incentives of the study, and a demonstration of study equipment 
to viewers. The two interviews aired at various times and bolstered recruitment yield.  
Information on how to contact the principal investigator was also provided in local news 
websites.  
In an attempt to use snowballing recruitment methods, participants that mentioned 
knowing other interested people were provided with the study web link and additional 
flyers. The participants were encouraged to pass flyers to those persons as well as other 
people they knew. Some participants, without the study team’s knowledge shared study 
information and weblinks on personal and group social media (e.g. Facebook) accounts.  
Congressmen and Women 
In spring 2017, Dr, Zierold contacted congressmen and congresswomen and asked 
that they include the flyer or community letter in their email announcements.  Many 
ignored the request, but three representatives included the study information in their 
email letters. With this method, several participants were recruited. Other recruitment 
strategies, such as connecting through parent teacher associations and churches, might be 
explored before the current study ends if yield of recruitment using present strategies 
decreases.  
Inclusion and Exclusion Criteria 
Participants were included in the study if they resided in the current study zone 
for at least two years, were ages 6 to 14 years old, and willing to complete all aspects of 
the study (both parent and child component). Children with genetic disorders (Down 
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Syndrome, Fragile X Syndrome, Williams Syndrome, etc.) were excluded from the study. 
Parents who were unwilling to smoke outside during the one-week sampling period were 
also excluded, thus their children were also excluded.   
Consenting/Assenting of Participants  
Interested participants who received information via any of the recruitment 
methods, called the principal investigator (PI) to schedule a time for consenting the 
parents and assenting the child. During the phone call, the PI ensured that inclusion and 
exclusion criteria are met and briefly explained what is required from the parent and 
child. If the parent was still interested during the phone call, the PI scheduled a Sunday 
time for consenting/assenting.  
The consent folder included a contact sheet that collected the names, addresses, 
phone numbers, and child’s age which specifically connected the participant’s 
information to their identification number. Two consent forms for the parent to agree to 
participate, two consent forms for the parent giving the child permission to participate, 
and two child assent forms were included. Two copies were provided so that the 
participant and PI could both get signed copies of the consents and assents. Parent and 
study team member signed the consent forms while the child signed the assent forms. All 
children enrolled in the study must assent to participate. If the child refused to participate, 
data collection did not continue.  
In addition to the consent/assent forms, three questionnaires (Environmental 
Health History Questionnaire, Home Cleaning Questionnaire, and the Child Behavioral 
Checklist), a daily activity diary, a letter asking about stimulant use (a letter with listed 
ADHD medications), a calendar that would be filled in with reminder dates, and 
instructions on how to cut toenails were included. The PI or a member of the study team 
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obtained the consent providing information on the study purpose, procedures, risk and 
benefits, compensation and confidentiality. The participant was also informed that the 
study is voluntary and that they could stop the study at any time. Questions by the 
participants were addressed and contact information on how to contact the PI, the 
University’s human subjects’ protection office, and an outside body for very serious 
complaints were provided. If the participant was still interested, consent and assent forms 
were signed. 
All documents used for consenting and assenting were approved by the 
Institutional Review Board (IRB) of the University of Louisville (IRB 14.1069). Overall, 
the parent was required to complete the questionnaires, allow air sampling in their home, 
allow the study team to take lift samples in their child’s bedroom, help the child with 
collection of nails, agree to a home visit by the study nurse, and allow the study’s co-
investigator, a child psychologist, to administer neurobehavioral testing. The child was 
required to collect nails, participate in neurobehavioral testing, and allow the study nurse 
to take their height, weight, blood pressure, and oxygen levels. The study team member 
or PI scheduled appointments for neurobehavioral testing and the take down of air 
sampling equipment. After scheduling the appointments, the air sampling equipment 
were set up in the main area of the house. Neurobehavioral testing was usually conducted 
during the week of the consent while the sampling equipment was taken down the week 
after consenting occurred. Once the air sampling equipment was taken down, parents 
were directly contacted by the study nurse to schedule an available time for taking the 
child’s vitals and to conduct the environmental home assessment and pediatric health 
history.  
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Exposure Assessment  
The exposure assessment used in this study involved various components and is detailed 
below. 
Indoor Air Sampling (Filters) 
 
Assessment of fly ash and PM10 was carried out using an SKC Inc. Personal 
Modular Impactor (PMI) for PM10. The PMI is a light weight impactor sampler with an 
easily removable compact disc enclosing the polycarbonate filter, with an oiled substrate 
that prevents particles from bouncing and flying around. The PMI was connected to an 
SKC recommended pump- AirChek XR5000 Sample Pump, using tygon tubing as seen 
in Figure 1.  
 
Figure 1. Indoor Sampling Equipment Set Up 
Pumps were calibrated using a MesaLabs DryCal Defender 510 to ensure pump 
readings were within ±5% of 3 Liters/minute. Flow readings with the defender were 
taken three times, before the sampler was placed in a home and when the sampler was 
removed from the home. The flow rate was also checked during the week to ensure that 
the flowrate is near the 3 L/min. The average initial and final flow rates were used to 
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calculate the concentration of PM10 that was collected on the filter. The PMI was placed 
on an erectable stand along with the pump (shown in Figure 1) in the main activity room 
of participant’s homes, and were placed within the breathing zone (3-3.5 feet) of the child 
for a one-week sampling period. Prior to the sampling week, filters were weighed three 
times before being placed in the impactors, and the average was used as the initial mass. 
After the one-week sampling period, the filters were weighed three times for 
determination of the final mass. The final filter mass was based on subtraction of the 
average final mass from the average initial mass. Using the average differences in flow 
rates and the final sample mass, concentration of PM10 was determined. Filters were 
placed in a filter holder and stored in a desiccator until they were ready to be taken to 
Elemental Analysis, Inc, in Lexington, Kentucky, the laboratory that specializes in a 
variety of testing techniques. Proton Induced X-ray Emission (PIXE) was then used to 
assess the distribution of the elements in the PM10 collected on the filters. Additionally, 
Scanning Electron Microscopy and Energy-Dispersive X-ray Spectrometry (SEM/EDX) 
was used to determine the presence or absence of fly ash and the elements in the fly ash. 
Analysis of Filters  
 
PIXE provides a non-destructive analysis that can be used to determine the 
concentration of 72 inorganic elements on the periodic table, from Sodium to Uranium 
(175). In PIXE, X-ray spectrums are created as a result of bombardment of energetic 
protons in the inner shell electrons of the target atoms. Collisions cause kinetic energy to 
be transferred to the inner shell electrons of the target atom, and X-ray production 
depends on both the total number of incident protons and the proton energy. The inner 
shells are then left empty so that it can be filled using energies from emitted X-rays. The 
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energy of the X-ray that is released is comparable to and distinctively characteristic to the 
element they originate from, while the number of X-rays emitted is proportional to the 
mass of the element being analyzed (175). In this study, PIXE was used to analyze 
elemental concentrations of the PM10 on the filters and for the nail samples.   
Once the PIXE analysis was completed, the filters were analyzed for fly ash presence by 
Elemental Analysis Inc.in Lexington, Kentucky. A sliver of the filter was removed for 
analysis by Scanning Electron Microscopy (SEM), which is used to determine presence 
or absence of fly ash while Energy-Dispersive X-ray Spectrometry (EDX) is used to 
determine the elements found in the examined fly ash. Since fly ash is spherical, it is easy 
to assess compared to other particles that are generally irregularly shaped.  SEM is a non-
destructive visual method of analysis that uses high energy resolution and focused 
electron beam to produce high resolution images of surface topography. The scanning 
beams or primary electrons generate energy, which allows for the detection of secondary 
electrons. The strength of these secondary electrons is mainly governed by the surface 
topography of the sample. The sample surface can thus be constructed by measuring the 
strength of the secondary electrons as a function of the position of the scanning primary 
electron beam (176). EDX identifies the content of the particles in fly ash as a result of x-
rays produced when hit with the electron beam. EDX helps with determining the 
characteristics of the surface sample from SEM and provides a quantitative elemental 
information. SEM-EDX is a primary method for surface analysis because it allows for 
detailed visualization of the particle and its composition, and generates resolutions of 
high magnitude superior to other microscopes. The process of filter analysis is shown 
below in Figure 2.     
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Figure 2. Process of Filter Analysis 
Toenail and Finger Nail Samples (Metal Body Burden)  
 
Concentration of metals in the body was assessed via finger and toe nail samples. 
Human nails are made up of keratin proteins that represent dietary intakes and multiple 
exposures of individuals. Nails can vary by age, individual behaviors, gender, and diet. 
The growth rate also varies based on age, gender, metabolic rate, and health conditions 
(177). Finger nails takes about 6 months to grow out, hence grow faster compared to 
toenails which takes about 12 months to grow out. Therefore, nail clippings represent a 
long term exposure time frame (178–180). In this study, finger nails and toenails were 
combined since children in the study are chronically exposed. Nails are suitable for use 
because it is a non-invasive method of assessing exposure, they are easy to collect, store 
and analyze, and are less likely to be contaminated. A limitation to using nails is the 
possibility of contamination via nail polish, dirt, and nail clippers, however, 
contamination can be controlled by using effective cleaning methods.  
Filter
PIXE
PM10 elements in filter are 
determined
SEM
Fly ash presence is determined
EDX
Metals and elements in fly ash are 
determined
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After consenting and assenting, participants were provided with two containers to 
collect nails. Parents were provided with instructions on how to cut nails and nail 
clippers. Parents were also shown a sample of a 150mg nail in a container, to have an 
idea of the quantity of nails that was required. During the consenting/assenting process, a 
first sample of nails was collected from the child. Additional clippings were collected by 
picking them up in mailboxes, every couple of weeks. When parents thought that they 
had collected a sufficient quantity of nails, they informed the PI who scheduled a time for 
pick up (usually on Sunday) and asked parents to leave the collected nails in the mailbox. 
Sunday was the selected day of nail pick up because mail was not delivered on Sundays 
in the study area, hence, the nail containers did not interfere with the mailman’s job. The 
PI or the study team picked up the nails from the mailboxes and left an additional 
container for further collection. This method ensured that no one had to be home for more 
nail collection and was less intrusive to the participants. The mailbox nail collection was 
carried out intermittently until the desired quantity was derived.  
A total nail mass of 150 mg was required which was collected over several weeks 
or months depending on the growth rate of the child’s nails and response to the PI phone 
calls. In general, it took 3-6 clippings of nails to get the mass needed. Nails were weighed 
to ensure each participant had at least a total mass of 150 mg. Once the desired nail 
quantity had been reached, nails were washed with acetone and two rinses of deionized 
water. The nails were left to dry and placed in a new container. The dry nails were then 
weighed again and then taken to the lab (Elemental Analysis, Inc) for PIXE analysis. At 
the lab, nails were frozen and ground up into fine particles, and bound with a binding 
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agent into a pellet. PIXE (described in previous section) was then used to analyze the 
elemental concentrations in the pellets.   
Lift Tape 
 
To determine the presence or absence of fly ash, lift tape sampling was also 
utilized. Lift sampling is a technique used to collect and remove settled dust particles 
from surfaces like headboards, desks, shelves, etc. Stick-to-It Lift Tape (SKC Inc.) was 
used in the study.  The tape is a bendable microscopic slide with an adhesive area that can 
be used for sampling inorganic dust contamination on surfaces. Lift sampling was carried 
out in the child’s bedroom. The adhesive part of the plastic was placed on window sills, 
headboards, dressers, children’s desks or favorite toys. The dust particles collected by lift 
tapes were first examined using Optical Microscopy (OM), a technique that uses visible 
light and lenses to magnify images of small samples, thereby producing a detailed 
morphology and detail of the particle. Particles that appear smooth and spherical were 
believed to be fly ash and were sent to the PI for further confirmation. SEM/EDX was 
then used to further analyze the particles deemed to be fly ash. The process of lift 
sampling is shown in Figure 3 below.   
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Figure 3. Process of Lift Tape Analysis 
Assessment of ASD measures (Outcome Assessment) 
Child Behavioral Checklist  
 
The Child Behavioral Checklist (CBCL) is a commonly used standardized 
questionnaire completed by a caregiver for the assessment of behavioral, emotional, and 
social problems in children (122). The CBCL is available in various forms and for 
various age-groups. In this study, the parent reported form for children ages 4 to 18 was 
administered, which covered the ages 6 to 14 range of participants in this study. The 
various items and scales on the CBCL describe specific behaviors that parents respond to, 
based on behavioral individualities of the child. The parent rates the regularity of each 
behavior based on a three-point Likert Scale: 0=Not true, 1= Somewhat or sometimes 
true, 2= Very true or often true. The CBCL has scales to reflect scores associated with the 
DSM-IV which includes capturing social problems, thought problems, and compulsive 




Fly ash presence is determined
EDX
Metals and elements in fly ash are determined
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The first part of the CBCL requires parents to provide information on their child’s 
social competency. These questions cover information on the child’s hobbies and 
activities that the child is involved in, number of close friends, and school performance. 
The next set of questions on the CBCL are associated with problems on eight syndrome 
scales which include: anxious/depressed, withdrawn/depressed, somatic complaints, 
social problems, attention problems, rule-breaking behavior, and aggressive behavior. 
Measures are also provided on three summary scales, which includes internalizing 
problems, externalizing problems, and total problems. Six DSM-Oriented scales are also 
assessed on the CBCL (affective problems, anxiety problems, somatic problems, 
attention deficit/ hyperactivity problems, oppositional defiant problems, and conduct 
problems). The last group of scales measured on the CBCL includes sluggish cognitive 
tempo, obsessive-compulsive problems, and post-traumatic stress problems.   
The measures of interest for this dissertation were social problem, thought 
problems, and obsessive-compulsive problems. As shown in Table 1 below, questions 
that address behaviors on social problems include questions on dependency, loneliness, 
getting along with people, jealousy, clumsiness, and speech problems. For thought 
problems the CBCL includes questions on whether the child has thoughts to harm self, is 
hearing things, is twitching, picking on skin, seeing things, stores up things, sleep walks, 
and has sleep problems. The obsessive-compulsive scale entails questions on 





Table 1. Definitions of Outcome Measures from the Child Behavioral Checklist (CBCL) 
Outcomes Questions and Definitions 
Social Problems Clings to adults or too dependent  
Complains of loneliness 
Does not get along with other kids 
Easily jealous 
Feels other are out to get him/her 
Gets hurt a lot, accident prone 
Gets teased a lot 
Not liked by other kids 
Poorly coordinated or clumsy 
Prefers being with younger kids 
Speech problem 
Thought Problems Cannot get his/her mind off certain thoughts/obsessions 
Deliberately harms self or attempts suicide  
Nervous movements or twitching  
Picks nose, skin, or other body parts  
Plays with own sex parts in public 
Plays with own sex parts too much  
Repeats certain acts over and over/compulsions 
Sees things that are not there 
Sleeps less than most kids 
Stores up too many things that he/she does not need 
Strange behavior 
Strange ideas 
Talks or walks in sleep  
Obsessive-
Compulsive Problems 
Cannot get his/her mind off certain thoughts/obsessions 
Fears he/she might think or do something bad 
Feels he/she has to be perfect 
Feels too guilty  






The CBCL produces raw scores that can only be used to compare number of 
problems on individual scales experienced by a child. However, the number of items in 
every scale varies making it difficult to compare raw scores across different scales. 
Therefore, raw scores are converted to T-scores, which utilize a metric that is similar on 
all the scales making it possible to compare the relative number of problems experienced 
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by each individual. T-scores on the CBCL are adjusted for age and gender and produce 
categorizations of normal, borderline, or clinical borderline range, which means that T-
scores are separated to reflect whether a child has the problem being assessed. A t-score 
of 60 is indicative of a problem as measured by the appropriate scale (social problems, 
thought problems, obsessive-compulsive problems).  
Parents of children who score in the clinical or borderline significant range for the 
scales of the CBCL were contacted by the study’s child psychologist, for a structured 
interview. The structured interviews were conducted using guidelines of the Structured 
Clinical Interview for Diagnosis of DSM Disorders (SCID). During the interview, the 
child psychologist gained more insight into the behavioral problems of the child and 
made recommendations for treatment, based on diagnosis. The CBCL is generally used 
and has established psychometric features. Reports have shown the mean test-retest 
reliabilities for the CBCL to range from 0.95 to 1.00, and internal consistency has ranged 
from 0.78 to 0.97 (181). 
Assessment of Covariates (via Questionnaires) 
Covariates used in this dissertation were derived from various questionnaires used 
in the study. The questionnaires included are the Environmental Health History 
Questionnaire, Pediatric Health History Form, and Environmental Home Exposure 
Assessment. All questionnaires used in the study are described below.  
Environmental Health History Questionnaire 
 
The Environmental Health History Questionnaire (EHQ) is an in-depth 
questionnaire that assesses pollutants that children or parents have been exposed to in the 
past. The questionnaire was developed by the PI of the parent study as there was an 
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unavailability of an existing questionnaire that addressed the problems pertinent to the 
study in a comprehensive way. The PI developed the questionnaires using resources such 
as the pediatric environmental history form, guidelines on how to derive environmental 
history from the American Academy of Pediatrics and the Agency for Toxic Substances 
and Disease Registry, and an article titled ‘The rapid questionnaire of environmental 
exposures to pregnant women”.   
  The environmental health history questionnaire consists of multiple choice 
options, yes/no/not sure, and open-ended/fill in the gap questions. EHQ consists of 
questions addressing current and previous addresses of the child, child behaviors, 
cleaning method and supplies used in cleaning, use of pesticides, insecticides, herbicides, 
where and how food and water are derived and the cooking environment, hobbies done at 
home by both parents and children, occupation of the parent, proximity to hazardous 
sites, questions about exposures that might have occurred during pregnancy, and 
questions about other places the child spends time. The EHQ was given at the time of 
consenting/assenting and was left with the parents to fill out.  It was collected on the day 
when neurobehavioral testing occurred or when the samplers were taken down.  
The Pediatric Health History Form and Environmental Home Assessment 
 
The home visit by the study nurse was conducted after all samples, 
questionnaires, and neurobehavioral testing had been completed. The nurse administered 
the child health history form and conducted an environmental home assessment to assess 
for more confounders. The environmental home assessment used the pediatric 
environmental home assessment (PEHA) tool which is publicly available and meant to 
aid with identifying potential environmental hazards in the home. It includes questions on 
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the general characteristics of the home, indoor pollutants the child might be exposed to 
such as presence of molds, lead based paint, smoke, etc., home environment, sleep 
environment, and home safety (182).  
The Pediatric Health History form focuses on the child’s health history and some 
parent information. The Pediatric Health History was developed by the PI and nurse co-
investigator, using examples of pediatric health histories. It includes questions on 
immunization records, height, weight, blood pressure and oxygen levels, past and present 
health conditions of the child, marital status of the parent, and question about the mother 
when pregnant. The nurse went through the questionnaires with the parent during her 
visit, which lasted about 40 to 60 minutes.  
The covariates of interest for this dissertation included gender, age, ethnicity, 
child school performance, mother’s depression, mother’s use of cigarette during 
pregnancy, smoking in the home, age mother had the child, education level of parent, and 
marital status. 
Variable Definition and Statistical Analysis  
 
This section discusses how the variables used in this dissertation were defined and 
the analysis used to address the specific aims. SAS v.9.4 was employed for all analyses.  
Demographic Information 
Demographic information of importance for this dissertation included age, 
race/ethnicity, gender, and education status. Other covariates of interest included: 
smoking status, whether child was born preterm, maternal age at birth of child, marital 
status of parent, child school performance, mother’s depression status, and whether or not 
the mother was smoking during pregnancy. Among the potential confounders, age of 
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child was analyzed as a continuous variable of which medians and inter-quartile ranges 
were reported for cross-tabulations. Race/ethnicity was classified as Non-Hispanic White 
versus other races, while gender was classified as Male versus Female. Education status, 
which was derived by calling participants in the study was dichotomized as college 
degree or higher versus less than a college degree. A dichotomized response was derived 
for smoking status, which represented smoking status of either or both parents in the 
home. Preterm birth status was categorized as child being born at <=36weeks versus >36 
weeks. Maternal age at birth of child was derived by subtracting child’s age from 
mother’s current age which was further dichotomized to <=35 years of age versus >35 
years of age. Child school performance was dichotomized as high performance in school 
versus low performance in school. Maternal depression status was analyzed as a yes/no, 
derived in response to “what medical problems do people in the child’s family have”, 
which addressed mother’s medical problem of which depression was listed. Marital status 
was dichotomized as married versus not married. Finally, maternal smoke status during 
pregnancy was dichotomized, based on the response provided by mothers asking if they 
used cigarettes/cigars/pipe, during pregnancy.   
Crosstabulation of outcomes, predictors, and covariates were examined for 
potential associations. The Chi-square test was used for all dichotomized variables, while 
the Wilcoxon rank test was used for non-normally distributed continuous variables.  
Outcome Categorization 
Social, thought, and obsessive-compulsive scales from the CBCL were used as 
dichotomized variables. The dichotomized variables were categorized as 1 for scores ≤59 
indicating “normal” and group 2 for scores >59 indicating problem scores within the 
clinical or borderline clinical range. Outcome categorization was based on quantitative 
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scales that reflect meaningful qualitative differences of normal versus borderline/clinical. 
The outcome was the same for specific aims 1 and 2 and thus, the same categorizations 
were used.  
Exposure Categorizations 
Specific aim 1: The main exposure for specific aim 1 was fly ash, which is a 
dichotomized variable. Fly ash (yes/no) was determined by presence of fly ash on either 
the lift tape or the filter. Analysis addressed filter fly ash, lift tape fly ash, and combined 
filter and lift tape fly ash. 
Specific aim 2: The main exposure for specific aim 2 was the metals found in 
toenails and fingernails, which included Aluminum, Copper, Zinc, Manganese, Iron, 
Nickel, Titanium, Silicon, and Chromium. All metals were categorized into quartiles for 
analysis of individual and total metal exposure. 
Specific aim 3: Metals (Aluminum, Copper, Zinc, Manganese, Iron, Nickel, 
Titanium, Silicon, and Chromium) found in nails and filters were examined as continuous 
variables.  
Identification of Confounders  
Purposeful selection of variables was first employed for model building. This was 
carried out using a SAS macro as described in Bursac et al (183). The macro provided an 
algorithm and a systematic approach that guided the selection of confounders. The first 
stage in utilized model selection involved a univariate logistic regression used to assess 
the relationship between the outcomes (social, thought, obsessive-compulsive), 
exposures, and covariates. The univariate associations with a significant association 
(P≤0.25) were used in multivariate logistic regression models. In the multivariate models, 
variables that were not significant at P>0.10 were removed. If adding or removing a 
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covariate resulted in a change in the beta coefficient for exposure by more than 10%, then 
the covariate was considered as a potential confounder, and was retained in the model for 
assessment. Tables derived using the purposeful selection strategy are found in the 
appendix (Tables 56-79). After employing a systematic approach to selection of 
variables, a decision was made to include all covariates in the models based on theory, 
previous research, and biological plausibility.  
Analyses by Specific Aims  
Aim 1: Specific Aim 1: To determine if children aged 6-14 exposed to fly ash residing 
within a 10-mile radius of two coal ash storage facilities in Louisville, KY had greater 
social, thought, and obsessive-compulsive problems as measured using the Child 
Behavior Checklist.  
Analysis Description for Aim 1 
 
Logistic regression was used to assess whether fly ash was associated with social 
problems, thought problems, and obsessive-compulsive problems in univariate models.  
The relationship between fly ash and social, thought, and obsessive-compulsive problems 
were explored using three multivariable logistic regression models for each outcome. All 
the covariates in this study were grouped into child level and mother level covariates. 
Child level covariates were covariates specific to the child while mother level covariates 
were specific to the mother (e.g. mother’s age at birth of child, maternal smoking, etc.). 
The first model adjusted for child level covariates such as gender, age, ethnicity, and 
smoke exposure in the home, while the second model controlled for mother level 
covariates such as mother’s age at birth of child, depression status, marital status, and 
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mother’s use of cigarette during pregnancy. The third model adjusted for both the child 
and mother level covariates; hence, it included all the covariates in models 1 and 2.  
Aim 2: Specific Aim 2: To assess if children with higher metal concentrations in their 
body had higher scores of social, thought, and obsessive-compulsive problems based on 
the Child Behavioral Checklist.  
Analysis Description for Aim 2 
 
A nonparametric statistic using rank sum quartiles was used to assess the 
relationship between each metal and social, thought, and obsessive-compulsive problems 
(184). To derive the ranks and quartiles, each metal was sorted according to their 
measured concentrations from lowest to highest. To ensure that the metals are measured 
on a common scale that can be aggregated to assess cumulative effects of exposures, the 
metal concentrations were ranked from the lowest to the highest and integer numbers 
were assigned as part of the rank statistical procedure, and categorized into quartiles. The 
use of quartiles enables the visualization of trends that might exist within each metal 
especially since the metal concentrations are skewed. Participants with concentrations in 
the lowest quartile were considered as the referent group.  
Univariate logistic regression was used to assess whether each metal (Aluminum, 
Iron, Copper, Zinc, Manganese, Titanium, Nickel, Silicon, and Chromium) quartile was 
associated with the outcomes. Unadjusted odds ratios, confidence intervals, and tests for 
trend were calculated. The quartiles of the metal concentrations and covariates were used 
to build the final logistic regression model for this aim.  
 The logistic regression model was then logit(p) = log(p/(1-p)) = β0 + β1*Q2 + 
β2*Q3 + β3*Q4 + ∑ 𝛽𝑖𝑋𝑖
𝑝
𝑖=1 , where p indicated the probability of social problems, thought 
 59 
problems, or obsessive-compulsive problems. The variables Q2, Q3, and Q4 were 
indicator variables for a subject being in the 2nd, 3rd, and 4th quartiles of the metal 
concentration, respectively. The 𝛽𝑖𝑋𝑖 terms encompass the effect of additional covariates, 
where 𝑝 is the total number of additional covariates included in the model.  In addition to 
including the metal concentration quartiles as indicator variables, a linear trend model 
was fitted by scoring each quartile at the median metal concentration for the quartile.   
 In addition to a model for each metal, an overall metal exposure rank was 
obtained by aggregating the ranks across all the metals.  This total metal exposure rank 
summation was then categorized into tertiles and evaluated for an association with the 
outcomes in univariate models. A dichotomized social, thought, and obsessive-
compulsive problems variable were used with the derived quartiles for unadjusted logistic 
regression model.  
Aim 3: To determine whether child’s nail metal concentrations were correlated with 
concentrations of metals found on the in-home filters.  
Analyses Description for Aim 3 
 
The metals that were assessed in the filters are the same as those found in nails 
(aluminum, iron, copper, zinc, manganese, titanium, nickel, silicon, and chromium). 
Cross tabulations between body metal and filter concentrations were carried out, and 
Pearson and Spearman correlation coefficients were determined. Correlation plots were 
created for all metals to visually display the correlation between body metal burden and 
filter metal content. Outliers were removed accordingly and minimized by log-
transforming the metal concentrations.  
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Power and Sample Size  
The available sample size for this dissertation analysis ranges from 134 to 158, 
based on the number of participants with complete data. Studies that explored the 
relationship between Autism Spectrum Disorders (ASD) and air pollution/heavy metals, 
have found effect sizes ranging from 1.9 to 3.1 (109,146,166). The estimated prevalence 
of ASD among 8 year old children in the U.S is 14.7/1000 (185). Based on the sample 
size of 158 participants for Aim 1, and 134 participants for Aim 2, Table 2 shows the 
power to detect an odds ratio ranging from 1.9 to 3.1 with type 1 error set at 0.05. Power 
was calculated using SAS v 9.4.  
Table 2. Sample Size, Odds Ratio and Corresponding Power Levels 
 
Sample Size Odds Ratio Power 
158 1.9 0.36 
158 2.2 0.51 
158 3.1 0.85 
134 1.9 0.31 
134 2.2 0.45 
134 3.1 0.78 
 
In this dissertation, there was lack of sufficient power to detect meaningful 
differences in analysis that produced an odds ratio of <3.1. Addition of more participants 
would assure an adequate power to detect statistical and meaningful differences with 





At the time this dissertation was written, 183 participants had been recruited into 
the study. However, not all data sources were complete at the time the analyses were 
conducted. For example, fly ash results and toenail/fingernails results were not available 
for some participants because they were not yet assayed, or results returned from the 
laboratory. Thus, given the available data, Aim 1 is based on a sample size of 158 
participants and Aims 2 and 3 a sample size of 134 participants. 
Aim 1 Results 
Demographics using Aim 1 Sample Size  
Tables 3 and 4 show the number and percentage of the outcome and exposure 
variables. Table 3 displays the distributions of the outcome variables which include 
social, thought, and obsessive-compulsive problems. There were 33 (22%), 43 (27%), 
and 44 (28%) children with social, thought, and obsessive-compulsive problems 
respectively. Table 4 displays the distribution of the exposure variable, fly ash, which is 
derived from filter and lift tape samples. Fly ash was found in 63 (40%) of the filters and 
97 (61%) of the lift tapes. In addition, total fly ash, defined as whether fly ash was found 
on the filter or on the lift tape, was found in homes of 117 participants, representing about 
74% of fly ash exposure.
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Table 3. Distribution and Percentages of Outcome Variables 
Outcome Frequency  
(Total N = 158) 
Percent 
Social Problems 
     Yes 







Thought Problems  
     Yes  









     Yes  










Table 4. Distribution and Percentages of Fly Ash Found in Home 
Exposure  Frequency 
(Total N = 158) 
Percent 
Total Fly Ash 
     Yes 







Fly ash in Lift Tape 
     Yes 







Fly ash in Filter 
     Yes 








Table 5 presents the sample characteristics of demographic variables (‘Total N” 
column). Of the 158 children in the study, 55% were males. The median age was 11 
(IQR: 5). The racial/ethnic composition was 83% Non-Hispanic White and 17% other 
racial groups encompassing Blacks, Hispanics, Asians, and Mixed-race children. A larger 
portion of the children (85%) had high performance in school compared to children with 
low school performance. Approximately 26% of the children in the study were born 
preterm (<=36 weeks gestation) while 24% of participants were exposed to smoking in 
the home. A majority of parent participants had less than college degree (55%), were 
 63 
younger than 35 years of age (77%), married (70%), and reported no diagnosis of 
maternal depression (70%).   
Table 5 also displays cross tabulation results between social problems and the 
variables of interest in the study. Most of the demographic variables did not have a 
significant association with social problems, however, child’s age, mom smoking during 
pregnancy, and child’s school performance had significant associations with social 
problems. Children with social problems had a higher median age (12 years) compared to 
children without social problems (10 years, P<0.001). Children without social problems 
also had a higher percentage of high performance in school (90%) compared to children 
with social problems (66%, P=0.0004). The percentage of children who have social 
problems and low school performance was about 34%. Maternal smoking during 
pregnancy was present in 31% of the children with social problems compared to only 
11% of children without social problems (P=0.007).  Ethnicity approached a statistically 
significant level with Non-Hispanic White children being more likely to have social 
problems compared to children from other races (other races includes African American, 







 Table 5. Sample Characteristics by Social Problems for Aim 1 (N=158) 
 Social Problems 












Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High  













     No 











Child Born Preterm 
     No  













     <College degree 












Mom Smoked During 
Pregnancy 
     No 















Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 











a Age is reported as median (Interquartile range, IQR). 
* P-values were derived using chi-square tests and the Wilcoxon test (age) 




Table 6 describes the sample characteristics of demographic variables and 
covariates stratified by thought problems. Overall, 43 (27%) children had thought 
problems. There is a statistically significant association between age and thought 
problems (P<0.001). Older children were more likely to have thought problems than 
younger children. The median age for children with thought problems is 12 years which 
is higher than the median age for children without thought problems (age 10 years, 
P<0.001). There was a statistically significant association between child school 
performance and thought problems (P=0.003). High performance in school was seen in 
90% of children without thought problems compared to 71% of children with thought 
problems. The percentage of children who have thought problems and low school 
performance was approximately 29%. Mothers that smoked during pregnancy accounted 
for 26% of the children with thought problems (P=0.024). A borderline statistically 
significant relationship was derived between thought problems and mothers who reported 









Table 6. Sample Characteristics by Thought Problems for Aim 1 (N=158) 
  Thought Problems  












Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High  












     No 











Child Born Preterm 
     No  












     <College degree 











Mom Smoked During 
Pregnancy 
     No 














Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 











a Age is reported as median (Interquartile range, IQR). 
* P-values were derived using chi-square tests and the Wilcoxon test (age) 




Table 7 describes the sample characteristics of demographic variables and 
covariates stratified by obsessive-compulsive problems. Overall, 44 children (28%) had 
obsessive-compulsive problems. Children with obsessive-compulsive problems had a 
higher median age (12 years) compared to children without obsessive-compulsive 
problems (11 years, P<0.001). Non-Hispanic White children were more likely to have 
obsessive-compulsive problems compared to children from other races (95% versus 5%, 
P=0.016). There is a statistically significant association between child school 
performance and obsessive-compulsive problems (P=0.003). High performance in school 
was seen in 90% of children without obsessive-compulsive problems compared to 72% of 
children with obsessive-compulsive problems. The percentage of children who have 
obsessive-compulsive problems and low school performance was approximately 28%. 
Mothers that smoked during pregnancy accounted for 25% of the children with 
obsessive-compulsive problems (P=0.039). A borderline statistically significant 
relationship was derived between obsessive-compulsive problems and mothers who 








Table 7. Sample Characteristics by Obsessive-compulsive Problems (N=158) 
  Obsessive-Compulsive 
Problems  
 












Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High  












     No 











Child Born Preterm 
     No  












     <College degree 











Mom Smoked During 
Pregnancy 
     No 














Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 











a Age is reported as median (Interquartile range, IQR). 
* P-values were derived using chi-square tests and the Wilcoxon test (age) 




Tables 8-10 shows the sample characteristics by total fly ash, lift tape fly ash, and 
filter fly ash. A statistically significant association was only observed for filter fly ash 
and child born preterm (Table 10).  
Table 8. Sample Characteristics by Total Fly Ash Exposure (N=158) 
 Total Fly Ash 












Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High 













     No 











Child Born Preterm 
     No  












     <College degree 











Mom Smoked During 
Pregnancy 
     No 















Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 














Table 9. Sample Characteristics by Lift Tape Fly Ash Exposure (N=158) 
 Lift Tape Fly Ash 










Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High 












     No 











Child Born Preterm 
     No  












     <College degree 











Mom Smoked During 
Pregnancy 
     No 















Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 
















Table 10. Sample Characteristics by Filter Fly Ash Exposure (N=158) 
                     Filter Fly Ash (N=158) 





Variable Total N (%) N (%) N (%) P-value 
Gender of Child  
     Female 











Age of Childa 








Ethnicity of Child  
     Other  












     High  












     No 











Child Born Preterm 
     No  












     <College degree 











Mom Smoked During 
Pregnancy 
     No 















Age Mother Had Child  
     <35 years old 











Parent Marital Status  
     Not married 












     No 

















Summary of Demographic Results  
Age, child school performance, and maternal smoking during pregnancy were all 
significantly associated with social, thought, and obsessive-compulsive problems. These 
results were expected because these variables have been identified as risk factors for 
autism spectrum disorders. An association was observed between child born preterm and 
filter fly ash.  
Regression Results 
Table 11 displays the cross-tabulation results of the outcomes versus total fly ash, 
lift tape fly ash, and filter fly ash. Table 7 also shows the unadjusted logistic regression 
results of each outcome and total fly ash, lift tape fly ash, and filter fly ash exposure. 
There was no statistically significant association between social problems and exposure 
to total fly ash (OR=1.39, 95% C.I = 0.55-3.49), fly ash from lift tape (OR=1.13, 95% 
CI=0.51-2.50), and fly ash from filter (OR=1.34, 95% CI=0.62-2.90). Decreased odds 
were observed for the association between thought problems and all fly ash exposure 
categories. Finally, non-significant associations were observed between obsessive-







Table 11. Univariate Logistic Regression Models of Outcome Variables with Total Fly 
Ash, Lift Tape Fly Ash, and Filter Fly Ash 
Variable   OR 95% CI P-value  
  Social Problems 
No              Yes 
 N (%) N (%)    
















































  Thought Problems 
No                  Yes 
 N (%) N (%)    
















































  Obsessive-Compulsive Problems 
No                     Yes 
 N (%) N (%)    

















































Social Problems Regression  
 
 Tables 12-14 report the results of the adjusted logistic regression for social 
problems. Three types of multivariable models were used- adjusting for child covariates, 
mother covariates, and both. Table 12 reports the results of the logistic regression models 
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for social problems and total fly ash, lift tape fly ash and lift tape fly ash exposure while 
controlling for child level covariates. No statistically significant associations were found 
between social problems and total fly ash, lift tape fly ash, and filter fly ash exposures.  
For the significant covariates, each additional year of age was associated with 
23% increased odds of having social problems (AOR=1.23, 95% CI=1.02-1.49) in the 
total fly ash and lift tape fly ash models, and 22% in the filter fly ash model (AOR=1.22, 
95% CI=1.01-1.48). For the total fly ash model, children with low school performance 
were 3.43 times more likely to have social problems compared to children with high 
performance in school (AOR=3.43, 95% CI=1.11-10.6).  For the lift tape fly ash model, 
children with low school performance were 3.47 times more likely to have social 
problems compared to children with high performance in school (AOR=3.47, 95% 
CI=1.12-10.8). For the filter fly ash model, children with low school performance were 
3.29 times more likely to have social problems compared to children with high 









Table 12. Adjusted Odds Ratio (OR) for Social Problems Outcome Stratified by Fly Ash 
Exposure, Adjusting for Child Level Covariates 
 Total  
 
OR 
95% CI Lift 
Tape 
OR 




Exposure Measure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.22 0.43-3.45 0.98 0.40-2.43 1.40 0.56-3.51 
Age of Child       
   6-14 years old  1.23 1.02-1.49 1.23 1.02-1.49 1.22 1.01-1.48 
         
Gender of Child  
     Female 



















Ethnicity of Child       
   Other 1.00 Referent 1.00 Referent 1.00 Referent 
   White  2.48 0.52-11.7 2.54 0.53-12.2 2.51 0.53-11.8 
Smoke Exposure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.98 0.35-2.72 0.98 0.35-2.72 0.97 0.35-2.69 
Child Born Preterm       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.16 0.44-3.08 1.14 0.43-2.72 1.26 0.46-3.45 
School 
Performance 
      
   High  1.00 Referent 1.00 Referent 1.00 Referent 
   Low 3.43 1.11-10.6 3.47 1.12-10.8 3.29 1.06-10.2 
 
Table 13 shows the results of the adjusted logistic regression model of total fly 
ash, lift tape fly ash, filter fly ash, and social problems using mother level covariates. 
There was not a statistically significant increase in a risk of social problems for children 
exposed to filter fly ash compared to children not exposed to filter fly ash (AOR=1.34, 
95% CI=0.50-3.61). Increased non-significant odds ratios were observed for mother 
smoking during pregnancy, mother’s depression, and education status for all fly ash 
categories. 
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Table 13. Adjusted Odds Ratio (OR) for Social Problems Outcome Stratified by Fly Ash 


















      
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.81 0.27-2.44 0.91 0.32-2.56 1.34 0.50-3.61 
Age Mother Had 
Child 
      
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.93 0.27-3.26 0.94 0.27-3.28 0.90 0.26-3.18 
Smoked During 
Pregnancy 
     No 

























Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 0.79 0.24-2.55 0.78 0.23-2.55 0.78 0.24-2.50 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.16 0.35-3.77 1.17 0.36-3.80 1.18 0.37-3.82 
Education Status       
   <College degree 1.00 Referent 1.00 Referent 1.00 Referent 
   >=College degree  1.39 0.51-3.79 1.38 0.50-3.75 1.39 0.51-3.78 
 
Table 14 displays the results from the adjusted logistic regression model of social 
problems, total fly ash, lift tape fly ash, and filter fly ash using both child and mother 
level covariates. In this table, an increased but non-statistically significant odds ratio 
(AOR=1.30, 95% CI=0.39-4.32) was observed for filter fly ash exposure but not total fly 
ash or lift tape fly ash. Also, each additional year of age was associated with 44% 
increased odds of having social problems (AOR=1.44, 95% CI=1.08-1.91) for total fly 
ash. Each additional year of age was also associated with 42% increased odds of having 
social problems for lift tape fly ash (AOR=1.42, 95% CI=1.07-1.88) and 41% increased 
odds for filter fly ash (AOR=1.41, 95% CI=1.06-1.86).  
 77 
Table 14. Adjusted Odds Ratio (OR) for Social Problems Outcome Stratified by Fly Ash 
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Thought Problems Regression 
 
Tables 15-17 show the results for the logistic regression for fly ash exposure and 
thought problems. Table 15 reports the results of the logistic regression models for 
thought problems and total fly ash, lift tape fly ash, and filter fly ash exposures while 
controlling for child level covariates. There was no association between filter fly ash and 
thought problems (AOR=1.04, 95% CI=0.48-2.36). Though not statistically significant, 
increased odds were derived for age, ethnicity, child exposed to smoking, child born 
preterm, and school performance.  
Table 16 reports the results of the logistic regression models for thought problems 
and total fly ash, lift tape fly ash, and filter fly ash exposures while controlling for mother 
level covariates. Decreased odds were observed for the relationship between all fly ash 
sources and thought problems. Though not statistically significant, increased odds were 
derived for age mother had child, marital status, mom depression, and education status 
for all fly ash categories. 
Table 17 displays the results from the adjusted logistic regression model of 
thought problems and total fly ash, lift tape fly ash, and filter fly ash using both child and 
mother level covariates. Decreased odds ratios were observed for all fly ash categories.  
Table 15. Adjusted Odds Ratio (OR) for Thought Problems Outcome Stratified by Fly 
Ash Exposure, Adjusting for Child Level Covariates 
       
  Total  
 
OR 
95% CI  Lift 
Tape 
OR 




Exposure Measure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.51 0.21-1.23 0.41 0.18-0.92 1.04 0.48-2.36 
Age of Child       
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   6-14 years 1.10 0.94-1.29 1.10 0.92-1.29 1.10 0.94-1.29 
       
Gender of Child  
     Female 



















Ethnicity of Child       
   Other  1.00 Referent 1.00 Referent 1.00 Referent 
   White  1.90 0.57-6.36 2.17 0.63-7.42 1.73 0.52-5.68 
Smoke Exposure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.30 0.52-3.26 1.33 0.53-3.34 1.26 0.51-3.11 
Child Born Preterm       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.57 0.66-3.74 1.69 0.71-4.02 1.68 0.70-4.03 
School Performance       
   High  1.00 Referent 1.00 Referent 1.00 Referent 
   Low  2.68 0.93-7.73 2.52 0.86-7.38 2.55 0.89-7.34 
 
Table 16. Adjusted Odds Ratio (OR) for Thought Problems Outcome Stratified by Fly 
Ash Exposure, Adjusting for Mother Level Covariates 
  Total  
 
   OR 
95% CI  Lift 
Tape 
OR 




Exposure Measure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.37 0.13-1.04 0.37 0.14-1.02 0.64 0.23-1.76 
Age Mother Had 
Child 
      
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 1.24 0.38-4.09 1.31 0.40-4.32 1.26 0.39-4.09 
Smoked During 
Pregnancy 
     No 

























Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 2.26 0.58-8.70 2.00 0.52-7.77 2.28 0.61-8.60 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 2.55 0.82-7.99 2.69 0.85-8.48 2.50 0.82-7.67 
Education Status       
   <College degree 1.00 Referent 1.00 Referent 1.00 Referent 
   >=College degree 1.49 0.55-4.05 1.35 0.50-3.66 1.39 0.52-3.73 
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Table 17. Adjusted Odds Ratio (OR) for Thought Problems Outcome Stratified by Fly 
Ash Exposure, Adjusting Child & Mother Level Covariates 
 Total 
OR 
95% CI Lift 
Tape 
OR  
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Tables 18-20 show the results for exposure to fly ash and obsessive-compulsive 
problems. Table 18 reports the results of the logistic regression models for obsessive-
compulsive problems and total fly ash, lift tape fly ash, and filter fly ash exposures while 
controlling for child level covariates. No significant association was observed between 
filter fly ash and obsessive-compulsive problems (AOR=1.15, 95% CI=0.49-2.69). Each 
additional year of age was associated with 21% increased odds of having obsessive-
compulsive problems (AOR=1.21, 95% CI=1.02-1.44) for total fly ash, lift tape fly ash, 
and filter fly ash. Increased non-significant odds were observed for total fly ash for 
gender, child exposed to smoking, child born preterm, and school performance. Increased 
non-significant odds were observed for lift tape and filter fly ash for gender, ethnicity, 
child exposed to smoking, child born preterm, and school performance.  
Table 18. Adjusted Odds Ratio (OR) for Obsessive-Compulsive Problems Outcome 
Stratified by Fly Ash Exposure, Adjusting for Child Level Covariates 
       
  Total 
  
OR 
95% CI Lift 
Tape 
OR 




Exposure Measure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.96 0.38-2.43 0.69 0.30-1.58 1.15 0.49-2.69 
Age of Child       
   6-14 years 1.21 1.02-1.44 1.21 1.02-1.44 1.21 1.02-1.43 
       
Gender of Child  
     Female 



















Ethnicity of Child       
   Other Ethnicity 1.00 Referent 1.00 Referent 1.00 Referent 
   White  0.80 0.80-17.7 4.14 0.87-19.8 3.73 0.80-17.4 
Smoke Exposure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.95 0.79-4.78 1.99 0.81-4.90 1.93 0.79-4.75 
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Child Born Preterm       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.05 0.42-2.60 1.05 0.42-2.61 1.09 0.43-2.79 
School Performance       
   High 1.00 Referent 1.00 Referent 1.00 Referent 
   Low  2.78 0.93-8.30 2.69 0.90-8.07 2.72 0.90-8.17 
 
Table 19 shows the results of the adjusted logistic regression model of total fly 
ash, lift tape fly ash, filter fly ash, and obsessive-compulsive problems using mother level 
covariates. Though not significant, children exposed to fly ash as measured by filter were 
more likely to have obsessive-compulsive problems compared to unexposed children 
(AOR=1.61, 95% CI=0.66-3.94).   
Table 19. Adjusted Odds Ratio (OR) for Obsessive-Compulsive Problems Outcome 
Stratified by Fly Ash Exposure, Adjusting for Mother Level Covariates 
       
 Total  
 
OR 
95% CI Lift 
Tape 
OR 
95% CI  Filter  
 
  OR 
95% CI 
Exposure Measure       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.99 0.35-2.79 0.62 0.24-1.57 1.61 0.66-3.94 
Age Mother Had 
Child 
      
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 1.55 0.54-4.49 1.60 0.55-4.67 1.50 0.51-4.37 
Smoked During 
Pregnancy 
     No 

























Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.58 0.50-4.96 1.48 0.46-4.23 1.56 0.50-4.89 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.76 0.62-5.00 1.79 0.63-5.15 1.76 0.62-5.03 
Education Status       
   <College degree 1.00 Referent 1.00 Referent 1.00 Referent 
   >=College degree 1.02 0.41-2.53 1.00 0.40-2.49 1.03 0.41-2.55 
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Table 20 displays the results from the adjusted logistic regression model of 
obsessive-compulsive problems and total fly ash, lift tape fly ash, and filter fly ash using 
both child and mother level covariates. In this table, total fly ash and lift tape yielded 
decreased odds for the association with obsessive-compulsive problems. However, filter 
fly ash yielded an increased odds ratio (AOR=1.46, 95% CI=0.51-4.16). Each additional 
year of age was associated with a 30% increased odds of having obsessive-compulsive 
problems (OR=1.30, 95% CI=1.03-1.65) for total fly ash and lift tape fly ash, and 28% 
increased odds for filter fly ash (AOR=1.28, 95% CI=1.01-1.62). For total fly ash, 
children with low school performance were 5.3 times more likely to have obsessive-
compulsive problems compared to children with high performance in school (OR=5.26, 
95% CI=1.08-25.5).  
Table 20. Adjusted Odds Ratio (OR) for Obsessive-Compulsive Problems Outcome 
Stratified by Fly Ash Exposure, Adjusting for Child & Mother Level Covariates 
Variable  Total 
OR 
95% CI Lift 
Tape 
OR 
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Summary of Aim 1 Regression Results 
Aim 1 focused on assessing the relationship between fly ash measures and social, 
thought, and obsessive-compulsive disorders. Fly ash exposure was assessed as lift tape 
fly ash, filter fly ash, and total fly ash which is measured as a combination of fly ash 
found in filters and lift tapes taken from the home. No statistically significant associations 
were found between fly ash measures and outcomes. Child school performance and 
maternal smoke were mostly identified as confounders. However, all covariates were 
included in model regardless of confounder determination based on statistical tests. 
Included variables were variables identified as risk factors for Autism Spectrum 







Aim 2 Results  
The association between metal concentrations and social, thought, and obsessive-
compulsive problems were explored in Aim 2. Aim 2 results are based on a sample size 
of 134 participants. Table 21 shows the number of nails (fingernails and toenails) with 
each metal, the mean concentration, and the measures of spread of the concentrations of 
metals found in nails. Copper, iron, zinc, and silicon (N=134), were the elements most 
commonly found in the nails collected from children.   













Aluminum 124 182 108 71 705 
Copper 134 4.96 2.19 1.43 14.0 
Iron 134 93.5 66 22.0 430 
Manganese 28 4.66 2.02 2.30 11.0 
Zinc 134 87.7 19.3 56.0 204 
Titanium 71 30.1 22.1 11.0 133 
Nickel 95 3.44 4.18 0.70 28.0 
Silicon 134 406 422 43 3000 
Chromium 93 7.37 3.95 2.70 25.0 
 
Individual Metal Quartile Derivation 
 
Table 22 shows the number and percentage of metals in each quartile. As 
described earlier, each metal was ranked according to their measured concentration and 






Table 22. Distribution of Rank Quartiles and Percentages 












Aluminum 124 24 (19.35) 38 (30.65) 32 (25.81) 30 (24.19) 
Copper 134 31 (23.13) 35 (26.12) 35 (26.12) 33 (24.63) 
Iron 134 32 (23.88) 35 (26.12) 36 (26.87) 31 (23.13) 
Manganese 28 7 (25.00) 7 (25.00) 7 (25.00) 7 (25.00) 
Zinc 134 33 (24.63) 32 (23.88) 37 (27.61) 32 (23.88) 
Titanium 71 15 (21.13) 20 (28.17) 21 (29.58) 15 (21.13) 
Nickel 95 21 (22.11) 25 (26.32) 27 (28.42) 22 (23.16) 
Silicon 134 33 (24.63) 34 (25.37) 34 (25.37) 33 (24.63) 
Chromium 93 20 (21.51) 26 (27.96) 25 (26.88) 22 (23.66) 
 
Our study is exploratory and statistical calculations such as p-values and 
confidence intervals are meant for descriptive purposes only and have no inferential 
content. Table 23 reports logistic regression results of each metal and social problems, 
using the first quartile as a reference category.  The first quartile was used as reference 
because the first quartile constitutes the participants with the least concentration of each 
metal. A significant association was observed for the highest versus lowest quartile of 
copper exposure (OR=5.44, 95% CI= 1.07–27.6, Ptrend = 0.034). Children exposed to 
copper levels in the highest quartile are more likely to have social problems compared to 
children in the lowest copper quartile. The trend test for zinc approached a statistically 
significant level (Ptrend= 0.071) and showed increased odds ratio in the third and fourth 
quartiles. An increased odds ratio was also observed across the quartiles for Nickel, 





Table 23. Logistic regression- Individual Nail Metal Exposure (Social Problems) 
 Quartile 
OR (95% CI) 
P-Value 
Element First Second Third Fourth Trend 
































































Table 24 displays the logistic regression results of nail metal quartiles and thought 
problems. There was no statistically significant association between thought problems 
and the metals.  
Table 24. Logistic regression- Individual Nail Metal Exposure (Thought Problems) 
 Quartile 
OR (95% CI) 
P-
Value 
Element First Second Third Fourth Trend 










































Nickel Referent 0.61  2.13  1.98  0.132 
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(0.12-3.09) (0.55-8.21) (0.48-8.13) 















Similar to Table 24, there were no statistically significant associations between 
the individual metals and obsessive-compulsive problems as shown in Table 25.  
Table 25. Logistic Regression- Individual Nail Metal Exposure (Obsessive-Compulsive 
Problems) 
  Quartile 
OR (95% CI) 
  
Element First Second Third Fourth Trend 
































































Table 26 displays logistic regression results for social, thought, and obsessive 
compulsive-problems adjusted for child level covariates which includes age of child, 
gender of child, ethnicity of child, child exposed to smoking, child born preterm, and 
school performance. Complete results that show the odds ratios for child level covariates 
can be found in the appendix. After adjusting for child level covariates, children exposed 
 89 
to copper levels in the highest quartile were 5.89 times more likely to have social 
problems compared to children in the lowest copper quartile, though not statistically 
significant (OR=5.89, 95% CI= 0.99–35.1). Associations between the rest of the metals 
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*Manganese results were removed as a result of insufficient sample size for analysis.  
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Table 27 displays logistic regression results for social, thought, and obsessive 
compulsive-problems adjusted for mother level covariates which includes parental age at 
birth of child, maternal smoke during pregnancy, marital status, maternal depression, and 
education status. Complete results that show the odds ratios for mother level covariates 
can be found in the appendix. After adjusting for mother level covariates, the lower 
confidence level approached 1 implying a borderline significant association between 
copper exposure and thought problems. Children exposed to copper levels in the second 
quartile were 5.61 times more likely to have social problems compared to children in the 
lowest copper quartile, however, the association was not significant (OR=5.61, 95% CI= 
0.95–33.1). 
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*Manganese and Titanium results were removed as a result of insufficient sample size for 
analysis. 
Table 28 displays logistic regression results for social, thought, and obsessive 
compulsive-problems adjusted for both child and mother level covariates which includes 
age of child, gender of child, ethnicity of child, child exposed to smoking, child born 
preterm, school performance, parental age at birth of child, maternal smoke during 
pregnancy, marital status, maternal depression, and education status. Odds ratio results 
for controlling for both child and mother level covariates can be found in the appendix. 
No significant association was derived between the metals and the outcomes.   
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*Manganese and Titanium results were removed as a result of insufficient sample size for 
analysis. 
Quartile Sum of All Metals 
 
An aggregate value (Table 29) of all the ranked metals were derived and 
categorized into tertiles for assessment of total metal score effect on social problems, 
thought problems, and obsessive-compulsive problems. In SAS, average ranks are taken 
by default to combat the issue of ties. 
Table 29. Metal Sum Measures 
Element N Mean Media
n 
IQR Q1 Q2 Q3 Min Max 
Metal 
Aggregate 
144 1599 1158 1486 923 1158 2410 324 4165 
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Table 30 displays the logistic regression result found between total nail sum and 
social problems. No significant association was observed between total metal exposure 
quartiles and social problems. 
Table 30. Logistic Regression with Sum of All Metal Tertiles and Social Problems 
 Quartile, OR (95% CI) P-Value 
Element First Second Third Trend 
Aggregate  Referent 2.20 (0.89-5.52) 1.97 (0.79-4.90) 0.160 
 
For Table 31, children exposed to a quartile sum of all metals in the third tertile 
were more likely to have thought problems compared to children exposed to all metals in 
the lowest tertile (OR=30.2, 95% CI=8.14-112). The odds of having thought problems for 
children exposed to all metals in the second tertile was 8.80 times the odds for those in 
the lowest tertile (OR=8.80, 95% CI=2.38-32.5). A significant linear trend of odds ratios 
was observed (Ptrend<0.001), showing a dose-response relationship between exposure to 
sum of all metals and thought problems. A significant association was also achieved 
between aggregate metal tertiles and thought problems in adjusted models.  
Table 31. Logistic Regression with Sum of All Metal Tertiles and Thought Problems 
 Quartile, OR (95% CI) P-Value 
Element First Second Third Trend 
Aggregate  Referent 8.80 (2.38-32.5) 30.2 (8.14-112) <0.001 
 
Table 32 displays logistic regression results of sum of all metal quartiles and 
obsessive-compulsive problems. There was no statistically significant association 
between obsessive-compulsive problems and exposure to all metals in the second quartile 
versus the first quartile. Reduced odds ratio were observed in the second and third 
quartiles of sum of all metals for obsessive-compulsive problems.   
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Table 32. Logistic Regression with Sum of All Metal Tertiles and Obsessive-Compulsive 
Problems 
 Quartile, OR (95% CI) P-Value 
Element First Second Third Trend 
Aggregate  Referent 0.81 (0.35-1.85) 0.33 (0.13-0.84) 0.019 
 
Summary of Aim 2 Results  
In Aim 2, a significant association was derived between copper levels and social 
problems. In univariate models, a significant association was found between copper 
exposure and social problems. Children exposed to copper levels in the highest quartile 
are more likely to have social problems compared to children in the lowest copper 
quartile (OR=5.44, 95% CI= 1.07–27.6, P for trend = 0.031). In multivariate models 
controlling for child level covariates, a borderline significant odds ratio was derived 
between copper exposure and social problems. No significant associations were derived 
in multivariable models between thought problems, obsessive-compulsive problems, and 












Aim 3 Results 
The purpose of Aim 3 was to determine if the concentrations of nail metals were 
correlated with concentrations of metals found on the in-home filters. Table 33 reports 
the Pearson correlation of nail metal concentrations and filter metal concentrations using 
raw and log transformed metal concentrations. Significant correlation coefficients above 
0.5 were found between manganese nail versus manganese filter and chromium nail 
versus chromium filter. Manganese nail and manganese filter was highly correlated with 
a positive correlation value (r=0.63, p=0.027). As filter chromium levels increased, nail 
chromium level also increased (r=0.63, p=0.005).  
Table 33. Pearson Correlation of Nail Metal Concentrations and Filter Metal 
Concentrations 
Raw Data  Correlation Coefficient (P-Value) 
Aluminum Nail vs Aluminum Filter 0.30 (0.0005) 
Copper Nail vs Copper Filter 0.10 (0.276) 
Iron Nail vs Iron Filter 0.30 (0.0005) 
Manganese Nail vs Manganese Filter 0.63 (0.027) 
Zinc Nail vs Zinc Filter 0.04 (0.602) 
Titanium Nail vs Titanium Filter 0.04 (0.792) 
Nickel Nail vs Nickel Filter -0.24 (0.097) 
Silicon Nail vs Silicon Filter 0.30 (0.0005) 
Chromium Nail vs Chromium Filter 0.63 (0.005) 
Log-Transformed Data   
Aluminum Nail vs Aluminum Filter 0.16 (0.077) 
Copper Nail vs Copper Filter 0.22 (0.012) 
Iron Nail vs Iron Filter 0.20 (0.024) 
Manganese Nail vs Manganese Filter 0.58 (0.049) 
Zinc Nail vs Zinc Filter 0.06 (0.504) 
Titanium Nail vs Titanium Filter 0.16 (0.302) 
Nickel Nail vs Nickel Filter -0.31 (0.025) 
Silicon Nail vs Silicon Filter 0.35 (<0.001) 
Chromium Nail vs Chromium Filter 0.58 (0.012) 
 
Spearman correlation coefficients were derived to corroborate the results found in 
Table 33. Table 34 reports the Spearman correlation of nail metal concentrations and 
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filter metal concentrations. Similar to Pearson results, a significant positive correlation 
was found between manganese nail and manganese filter (r=0.58, p=0.050).  
Table 34. Spearman Correlation of Nail Metal Concentrations and Filter Metal 
Concentrations 
Raw Data Correlation Coefficient (P-Value) 
Aluminum Nail vs Aluminum Filter 0.10 (0.252) 
Copper Nail vs Copper Filter 0.23 (0.008) 
Iron Nail vs Iron Filter 0.16 (0.063) 
Manganese Nail vs Manganese Filter 0.58 (0.047) 
Zinc Nail vs Zinc Filter 0.06 (0.481) 
Titanium Nail vs Titanium Filter 0.22 (0.147) 
Nickel Nail vs Nickel Filter -0.20 (0.160) 
Silicon Nail vs Silicon Filter 0.30 (0.004) 
Chromium Nail vs Chromium Filter 0.37 (0.132) 
Log-Transformed Data  
Aluminum Nail vs Aluminum Filter 0.10 (0.252) 
Copper Nail vs Copper Filter 0.23 (0.008) 
Iron Nail vs Iron Filter 0.16 (0.063) 
Manganese Nail vs Manganese Filter 0.58 (0.047) 
Zinc Nail vs Zinc Filter 0.06 (0.481) 
Titanium Nail vs Titanium Filter 0.22 (0.147) 
Nickel Nail vs Nickel Filter -0.20 (0.160) 
Silicon Nail vs Silicon Filter 0.30 (0.0004) 
Chromium Nail vs Chromium Filter 0.37 (0.132) 
 
Scatters plots were used in this Aim to provide a great visualization of the data. 
Figures 4 and 5 show the correlation plots of the nail and filter metal concentrations. The 
presented results might be robust as a result of the effects of outliers. Log-transformation 





Figure 4. Scatter plots of Nail and Filter Metal Levels for Manganese, Chromium, 
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Figure 6. Log-Transformed Scatter plots of Nail and Filter Metal Levels for Manganese, 







Figure 7. Log Transformed Scatter plots of Nail and Filter Metal Levels for Iron, Zinc, 
Titanium, Nickel, and Silicon 
 
Summary of Aim 3 Results 
Scatter plots derived with raw data appeared to be highly skewed with outliers. As 
a result, log transformations were conducted to reduce the skewness of the data. As 
shown in the graphs above, scatter plots derived with log transformed data, better 
displayed the linearity that exists between nail versus filter metals with a significant 
positive correlation. Overall, a positive correlation was found between manganese found 
in filter versus those found in the nails for both Spearman and Pearson correlation results. 




In this study, the associations between fly ash, metals found in fly ash, and 
behaviors underlying autism spectrum disorders were examined. Social problems, 
thought problems, and obsessive-compulsive problems were used as proxies for autism 
spectrum disorders. Social problems were found in 22% of children. Thought problems 
and obsessive-compulsive problems were each found in 27% of the children in the study. 
The prevalence of social, thought, and obsessive-compulsive problems in this study were 
much higher than the estimated rates of 7.9%, 2.4%, and 3% provided by previous studies 
(186–188). A hypothesis that could explain the differences in prevalence could be that 
children in this study are chronically exposed to pollution and live in close proximity to 
factors that could exacerbate their behavioral functioning compared to children in other 
populations. On the other hand, it is possible that our recruitment process resulted in 
selection bias whereby enrolled participants were more likely to report these problems 
than children in other communities. Over a child’s lifetime, even minor levels of these 
behavioral impairments in somewhat healthy children can have harmful outcome (170). 
The evaluation of the association between fly ash and social, thought, and obsessive-
compulsive problems are summarized below.  
Relationship between Fly Ash Measures and Outcomes 
There was no statistical association between the outcomes and fly ash measures 
(Specific Aim 1). In models with child-level covariates that assessed the association 
between fly ash exposure and the health outcomes, the findings of an increased odds
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ratios were more prominent for filter fly ash than lift tape fly ash. This was not true for 
lift tape sample. Fly ash on the filter is representative of exposures in the home during the 
one-week sampling period, while fly ash on the lift tape is representative of exposures 
from home; however, there is no clear timeframe associated with this exposure method.  
Fly ash on the filters may be a better measure since they collect particles that are in the 
air and may be inhaled, whereas lift tape samples represent dust that has settled, unless 
the dust on the sampled objects is stirred up via cleaning or movement of objects.   
Fly ash sizes captured on the filters and lift tape samples may also vary. Fly ash 
particles are in the range of particulate matter from as small as PM2.5 to as large and 
coarse as 8μm diameter and greater (189). Filters are encased in PM10 impactors, hence, 
captured fly ash is in the form of particulate matter in the size range of PM10. These 
smaller sized particles are more likely to be inhaled by the child and affect their health.  
Lift tape on the other hand captures fly ash of various sizes. Fly ash on the lift 
tape samples could range from small sizes (PM10) to very large sizes. In one study by 
Ilker that assessed particles on life tape, particle sizes from 20μm to 100μm were 
identified (190). In a study that used lift tape sampling to determine the presence of fly 
ash outside of homes located close to a power plant, heavy and non-uniform particles 
were observed using scanning electron microscopy (191). Filters capture smaller fly ash 
sizes (189) compared to lift tapes. It is likely that the large size of fly ash from lift tape 
could reduce the chance of inhalation. Particles of smaller sizes are more likely to be 
inhaled and can penetrate deeper into the lungs, leading to immune system responses and 
reactions (45).  
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Exposure to PM10 was previously found to be associated with autism spectrum 
disorders and respiratory problems in children (146,192). Also, previous studies showed 
that breathing in particles of PM2.5 is associated with respiratory health problems, 
cardiovascular problems, and autism spectrum disorders (146,193–195). Few studies 
have assessed the relationship between overall fly ash exposure and behavioral problems 
in children. Tang et al. assessed the effects of prenatal exposure to coal-burning 
pollutants on children’s development in China, and found that exposure to pollutants 
from power plants harmed the development of children living in the study region (100). 
Results from this dissertation reflect preliminary results as data is still being collected. It 
is possible that a larger sample size from our study may improve our statistical power and 
reveal disparate results. 
Copper Body Burden 
This study evaluated a number of metals for an association with behavioral 
problems; however, only results for copper based on nail samples was statistically 
significant. Overall, findings from this research suggest that increased copper levels may 
be associated with the development of social problems in children (OR= 5.44, 95% 
CI=1.07-27.6).  Copper is an essential element that naturally occurs in the environment 
and is well known as one of the elements required for essential body functions such as 
central nervous system development, cellular respiration and connective tissues formation 
(196). Copper deficiency is associated with myelopathy, a disease of the spinal cord 
(197). However, at high concentrations, copper may be hazardous to health. Previous 
studies have shown a significant association between high copper levels and poor 
working memory in male school children (198). Similar to the findings from this 
research, a study that examined levels of trace elements in autistic children found that 
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children with autism had high copper levels in their hair and nails compared to children 
who do not have autism (199). Lack of social skills is one of the major features displayed 
in children with autism spectrum disorders. As in our study, Priya et al reported that the 
nail and hair levels of copper were correlated with the degree of severity of the autism, 
i.e. the higher the copper levels, the more severe the autism spectrum of the child (199).  
Findings from this research study are consistent with prior studies that show that 
excess copper levels can be toxic, and can result in impairments in neurobehavioral 
performance like learning disorders, nervousness, depression, irritability, and autism 
(196,199). A possible pathway by which copper exerts its deleterious effects is through 
the functioning of ceruloplasmin, the major copper carrying enzyme in the blood. Since 
children with autism are commonly subjected to oxidative stress, the levels of 
ceruloplasmin are decreased in children with autism (199,200), hence greater copper 
exposure may occur. Further research is needed to explore the pathways of behaviors 
underlying autism and copper exposure. According to the Environmental Protection 
Agency (EPA), copper levels greater than 1.3mg should not be contained in drinking 
water, while the Occupational Safety and Health Administration (OSHA),  has set 
standards not to exceed 1.0mg/m3 and 0.1mg/cubic meter (mg/m3) for copper dust and 
copper fumes, respectively (201).  
Relationship of Aggregate of All Metals and Outcomes 
Cumulative exposure to various metals may be strongly involved in the 
development of neurobehavioral problems in children (202). In particular, results showed 
that exposure to an aggregate of all metals was most strongly associated with thought 
problems with a linear dose-response relationship (OR=8.80 for tertile 2; OR=30.2 for 
tertile 3; Ptrend<0.001). Various exposure pathways exist for residents who live close to 
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an air pollution facility. Children can be exposed to multiple metals via ingestion and 
consumption of food, water, soil, or contaminated objects, dermal contacts, and 
inhalation of dust particles (203). These study findings confirm those of previous studies, 
which reported an association between exposure to multiple metals and evidence for 
behavioral deficits (202,204,205). A study by Moon showed that an aggregate metal 
exposure could have more of an effect compared to an individual metal exposure (206). 
Findings from this dissertation on the effect of the sum of all metals could raise concerns 
because individually most of the metals did not have a significant association with 
thought problems, but did when an aggregate was used. It is possible that an additive or 
synergistic relationship exists between thought problems and an aggregate of all metals. 
Further research is needed to explore the mechanism and pathways by which a 
cumulative exposure to metals could result in behavioral problems in children. 
Body and Home Metal Correlation 
Additionally, the association between nail and filter concentrations was evaluated. 
There was no statistically significant correlation for many of the metals studied in this 
dissertation. This finding is somewhat unexpected, because increased environmental 
exposures should lead to increased metal levels in the body.  Filter and nail manganese 
concentrations were however, significantly correlated (r=0.63, p=0.027). As filter metal 
levels increased, nail metal levels also increased. Nail and filter chromium were also 
found to be significantly correlated with each other (r=0.63, p=0.005).  Sung et al. found 
elevated body lead and cadmium concentrations among individuals who resided in 
proximity to industrial complexes (207). Some of the common modes of absorption of 
these metals are inhalation, ingestion, and skin exposure. Outdoor sources of air pollution 
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can migrate into the home and as its level accumulates, it will lead to increased 
absorption, and hence, increased body metal levels (208,209).  
The metals that were not correlated could be explained as being poorly absorbed 
by the body. Aluminum and iron are examples of elements that are poorly absorbed, so 
environmental levels of these metals might not be accurately reflected in their body 
measures (210,211). Additionally, children can be in various environments where they 
may be exposed to metals that might not be present in the home and thus not captured on 
the filters. There are also various exposure routes, pathways, and child behaviors that 
could introduce metals into the body other than those captured on the filter in the home 
environment (212). In addition, the filter measures only reflect short term exposure, while 
nail measures are a better biomarker of cumulative long-term exposure.  Further, the 
body has mechanisms for metabolizing and/or excreting excess amounts of some metals 
(e.g. Cu), which would also reduce the correlation between filter and nail concentrations.  
Another issue may be measurement error for either or both filter and nail concentrations 
of some metals. 
Relationship between Significant Covariates and Outcomes  
In multiple models, our results determined the following covariates to be 
important in the relationship between fly ash and behaviors underlying ASD: child’s age, 
child’s school performance, maternal smoking during pregnancy, and maternal 
depression. These variables were also part of the covariates deemed to be important 
predictors in the relationship between metal exposures and social, thought and obsessive-
compulsive problems in the purposeful selection modeling shown in the appendix (Tables 
56-79). 
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Age was found to have a significant relationship with social problems, thought 
problems, and obsessive-compulsive problems (P<0.001) in the cross-tabulation tables 
(Tables 6-8). Variability in the age of the child can lead to differential presentation of 
ASD features. Signs and features of ASD are not always reliably present at birth, but 
emerge via a series of atypical behaviors. Identification of ASD can occur as early as 2 
years (213). Although improvements might be seen overtime, ASD among children who 
are severely affected persists till later in life, resulting in problems with social 
communication and the awkward behaviors associated with the disease (213).  Social, 
thought, and obsessive-compulsive problems may be general symptoms, and not specific 
to ASD. These outcomes could also be associated with non-ASD neurological problems.  
School performance was a significant covariate in models that assessed the 
relationship between fly ash measures and social problems. School performance in the 
child-level model was identified as a significant covariate for the association between 
social problems and all three exposure measures: total fly ash (AOR=3.43, 95% CI=1.11-
10.6); lift tape fly ash (AOR=3.47, 95% CI=1.12-10.8); and filter fly ash (AOR=3.29, 
95% CI=1.06-10.2). School performance was significant in the multivariate logistic 
regression models that explored the relationship between copper quartiles and social, 
thought, and obsessive-compulsive problems while controlling for child level covariates. 
The following results were obtained for school performance in social problems versus 
copper quartile (OR= 6.52, 95% CI=1.47-28.8), thought problems versus copper quartile 
(OR=5.83, 95% CI=1.47-23.1), and obsessive-compulsive problems versus copper 
quartile (OR=5.80, 95% CI=1.43-23.5) (See Appendix Table 38).  
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A cross-sectional descriptive study reported that children with autism were 
significantly more likely to have learning difficulties compared to children without 
autism (P<0.001) (214). Similar results were also found in a study which assessed 
predictors of academic achievement among children with autism spectrum disorders. 
Miller et al found that children with ASD demonstrated an impairment with reading 
comprehension (215). Social impairments associated with ASD contribute to specific 
difficulties in academic attainment, particularly within the domain of reading 
comprehension. Poor reading comprehension capabilities displayed by children with 
ASD are not simply a product of inabilities to incorporate basic language skills, instead, 
this could be as a result of impairment in social understanding and poor social cognition 
(215,216). School performance of children on the autism spectrum can range from those 
who might be considered autistic but are still very functional (mild impairment) to 
children with severely impaired performance. Regardless of the spectrum designation of 
the child, children with autism find it difficult to perform daily activities both at school 
and at home, which could in turn affect their performance in school (112). Some teachers 
and parents might not understand the deficits caused by ASD and therefore might find it 
difficult to assist an affected child.  
Maternal smoking is a risk factor for a variety of neurodevelopmental disorders, 
for example antisocial behavior (217). In various models, increased effect values were 
found in the association between maternal cigarette smoking during pregnancy and 
social, thought, and obsessive-compulsive problems. Studies have suggested that there 
may be an association between behaviors underlying autism and maternal cigarette use 
during pregnancy. Maternal smoking during pregnancy has been linked with Attention 
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Deficit Hyperactivity Disorders (ADHD).  Exposure to nicotine from cigarettes during 
the developmental periods of growth has been shown to be associated with speech 
processing problems, ADHD and conduct disorders (218–220). A large population-based 
cohort study investigating the risk of obsessive-compulsive problems and perinatal 
activities found that smoking during pregnancy was associated with increased risk of 
developing obsessive-compulsive disorders (Hazard ratio: 1.27; 95% CI, 1.02-1.58) 
(134).  
In this study, mother’s depression status was associated with an increased odds 
for social, thought, and obsessive-compulsive problems. Borderline statistical 
significance were found in cross tabulation models between maternal depression and 
thought problems on one hand, and maternal depression and obsessive-compulsive 
problems on another. This finding is consistent with other studies reporting that maternal 
depression is a risk factor for social, emotional, and cognitive development of a child 
(221,222). Studies have also shown parental depression to be associated with behavioral 
problems, functional impairments, and increased rates of anxiety in children and 
adolescents (223).  
Limitations of Study  
This study has several limitations. First, this dissertation utilized data from an on-
going study, thus, the sample size was much smaller than the overall sample that will be 
collected in the parent study. Based on the power analyses employed in this dissertation, 
effect sizes of >3.1 are needed to obtain 80% power. Hence, power was low for all 
analyses where effect sizes of less than 3.1 were achieved.  
A second limitation is the process of assessment of fly ash from the filters, which 
could be inaccurate. Only a section of the filter was selected to undergo scanning electron 
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microscopy (SEM), which limited the ability to measure fly ash presence in other parts of 
the filter. This might have greatly reduced the number of fly ash particles found on the 
filter and accurate quantification of total exposure. In addition, the derivation of fly ash 
only as a dichotomized variable disallowed the assessment of fly ash as a continuous 
variable.    
A third limitation is related to the use of Proton Induced X-ray Emission (PIXE) 
to obtain the metals utilized in the study. PIXE analysis produces concentrations of up to 
72 inorganic elements. Detection of both heavy metals and trace elements were 
anticipated.  However, the limit of detection may have been too high to determine low-
level concentrations. Other methods of analysis, such as Inductively Coupled Plasma- 
Mass Spectrometry (ICP-MS) might be advantageous in future studies to assess lower 
concentrations. Fourth, even though this study assessed the metals found in particulate 
matter collected in the home, it is not possible to conclude that all the derived metals 
from the filter and lift tapes are unquestionably from fly ash. However, this is quite 
plausible given that the participants live within a 10-mile radius from two coal storage 
sites.  
A fifth limitation of this study was that rank sums and quartiles in specific aim 2 
were derived using the concentration of the metals of interest in this study (Aluminum, 
Copper, Zinc, Manganese, Iron, Nickel, Titanium, Silicon, and Chromium). However, 
derived quartiles were created based on the subjects in the sample, and do not represent 
standardized data for the normal range and categorizations of metal exposure. A sixth 
limitation was issues of missing data in the study from participants who did not complete 
all the components of the study. There was missing data especially with nail 
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measures/concentrations. Participants (children) with slow nail growth did not have the 
required quantity of nails (150mg) ready to be sent to the lab in time for analysis and 
hence the sample sizes were lower. Different sample sizes were used for different aims 
since all data sources were not available.  Thus, missing data further eroded the overall 
low statistical power for some analyses. 
Another limitation may be the use of the Pediatric Health History Form and the 
Environmental Health Questionnaire for the assessment of the covariates. These 
questionnaires were used for the first time in the study and were not validated. However, 
these questionnaires were developed from other validated instruments like the Pediatric 
Environmental Health History, a screening environmental history tool (224).  
A final limitation is with the assessment of the outcomes using the self-reported 
Child Behavioral Checklist (CBCL), which a parent or guardian completed. Since the 
CBCL is based on parental self-report there is the possibility of reporting bias - some 
parents/guardians could under or over report the responses they provided. In addition, 
after completing the CBCL, children with scores above the normal level on the different 
behavioral measures were contacted by the study psychologist for further evaluation of 
the child. This could be viewed as an advantage; however, some parents declined this 
offer for further evaluation of their child.  
Strengths of Study 
Some strengths of this study include a community engagement component, a 
relatively representative sample, use of multiple recruitment methods, and the use of 
multiple measures to assess exposure, especially biomarkers of body metal burden in nail 
concentrations. The community engagement component ensures that the needs of the 
community members are reflected in the study findings. Some participants were oblivious 
 113 
of the proximity of their home to the coal ash storage sites and indicated that they would 
have chosen a different place to live, if they were aware. Interacting with community 
members provided insight as to the underlying reasons for their choice of home, views of 
their neighborhood, and their opinion of the power station and its potential relationship 
with health problems.  
Another strength of this study was the use of five buffer zones of 2-mile 
incremental radius to ensure that participants were fairly distributed in each of the 
sampling units and quadrants. In addition, a door-to-door method of recruitment was 
initially used, but when recruitment of participants slowed down, other methods of 
recruitment were adopted, which yielded more participants. This decision showed 
innovativeness and the flexibility of the study to adapt to various circumstances, albeit 
possibly at the risk of selection bias.  
The use of multiple exposure assessment methods (nails, lift tapes, and filters), 
allowed for the derivation of home metal exposure, metal body burden, and exposures 
that might be present in the child’s room. Use of these multiple methods facilitated the 
accurate characterization of the metal exposure of children in the study. There are limited 
studies exploring the association between fly ash and metals and neurobehavioral 
performance in children, especially in the Louisville, Kentucky and the United States at 
large. Findings from this study could result in the development of appropriate 
interventions and policies that protect the health of residents residing in neighborhoods 
exposed to coal ash.  
Conclusion 
In conclusion, pollutants such as fly ash and metals found in particulate matter 
may affect the behavior of children and need to be studied further. While the prevalence 
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of autism spectrum disorders continues to rise, many questions remain unanswered as to 
the potential involvement of environmental toxicants such as coal ash in its development. 
Future research is needed to further elucidate the etiologic role of environmental 
exposures on neurobehavioral disorders, in general, as well as ASD. It is important to 
further understand developmental mechanisms of ASD to improve early detection and the 
development and implementation of appropriate interventions. Among the covariates 
measured in this study, age, maternal smoking during pregnancy, child school 
performance, and maternal depression had a relationship with social, thought, and 
obsessive-compulsive problems. Children in this study, who are underserved and live in 
areas where environmental justice issues are prevalent, could be more likely to be 
exposed to various neurotoxic pollutants. It is important to understand exposures linked 
to behaviors that can be targeted for intervention.  These study findings, although limited, 
are relevant to environmental health.  As more data is collected in the ongoing study, the 
associations detected in these preliminary results between exposure to fly ash and 
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Table 35. Adjusted Odds Ratio of Aluminum Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Aluminum exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 



















Child Born Preterm 
   No 




















   High Performance 





















Table 36. Adjusted Odds Ratio of Aluminum Exposure, Mother Level Covariates, and Outcomes 
       
 Social 
Problems  
95% CI Thought 
Problems 




Aluminum exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.59 0.11-3.19 1.10 0.23-5.18 0.98 0.26-3.69 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 0.94 0.19-4.78 1.20 0.22-6.54 1.22 0.26-5.66 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.68 0.10-4.53 0.98 0.17-5.82 1.28 0.30-5.56 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 






Table 37. Adjusted Odds Ratio of Aluminum Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Aluminum Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 38. Adjusted Odds Ratio of Copper Exposure, Child Level Covariates, and Outcomes 
 Social 
Problems 






Copper exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 



















Child Born Preterm       
  
   No 














   High Performance 




















Table 39. Adjusted Odds Ratio of Copper Exposure, Mother Level Covariates, and Outcomes 
       
 Social 
Problems  
95% CI Thought 
Problems 




Copper exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.79 0.18-3.48 1.57 0.42-5.86 1.27 0.39-4.19 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.62 0.35-7.54 2.57 0.50-13.2 2.10 0.52-8.46 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.15 0.23-5.80 2.07 0.47-9.08 2.23 0.63-7.89 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher          1.09 0.33-3.59 0.86 0.26-2.87 0.94 0.33-2.68 
  
Table 40. Adjusted Odds Ratio of Copper Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Copper Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 41. Adjusted Odds Ratio of Iron Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Iron exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 




















Child Born Preterm 
   No 




















   High Performance 




















Table 42. Adjusted Odds Ratio of Iron Exposure, Mother Level Covariates, and Outcomes 
 Social 
Problems  
95% CI Thought 
Problems 




Iron exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.80 0.18-3.46 1.82 0.48-6.95 1.12 0.31-3.91 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.36 0.31-6.04 1.96 0.42-9.22 2.12 0.54-8.36 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.86 0.19-4.00 1.46 0.37-5.84 2.53 0.70-9.12 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher  1.19 0.37-3.82 0.76 0.24-2.46 1.12 0.38-3.26 
  
Table 43. Adjusted Odds Ratio of Iron Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% C.I Thought 





Iron Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 
     6-14 years 
 











Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 44. Adjusted Odds Ratio of Zinc Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Zinc exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 




















Child Born Preterm 
   No 




















   High Performance 




















Table 45. Adjusted Odds Ratio of Zinc Exposure, Mother Level Covariates, and Outcomes 
 Social 
Problems  
95% CI Thought 
Problems 




Zinc exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 1.07 0.24-4.76 1.58 0.43-5.82 1.33 0.40-4.48 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.09 0.25-4.84 2.05 0.44-9.56 2.09 0.53-8.30 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.78 0.16-3.71 1.77 0.45-6.94 2.22 0.64-7.69 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher           1.20 0.37-3.93 0.90 0.28-2.90 1.00 0.35-2.87 
  
Table 46. Adjusted Odds Ratio of Zinc Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Zinc Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 47. Adjusted Odds Ratio of Nickel Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Nickel exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 




















Child Born Preterm 
   No 




















   High Performance 




















Table 48. Adjusted Odds Ratio of Nickel Exposure, Mother Level Covariates, and Outcomes 
 Social 
Problems  
95% CI Thought 
Problems 




Nickel exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.59 0.09-3.78 0.98 0.20-4.83 1.86 0.44-7.82 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.54 0.20-12.1 1.73 0.25-11.9 2.36 0.33-16.9 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.89 0.11-6.89 1.48 0.27-8.02 2.29 0.46-11.3 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher           3.80 0.80-18.0 0.97 0.23-4.11 1.34 0.36-5.06 
  
Table 49. Adjusted Odds Ratio of Nickel Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Nickel Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 50. Adjusted Odds Ratio of Silicon Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Silicon exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 




















Child Born Preterm 
   No 




















   High Performance 




















Table 51. Adjusted Odds Ratio of Silicon Exposure, Mother Level Covariates, and Outcomes 
 Social 
Problems  
95% CI Thought 
Problems 




Silicon exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.80 0.18-3.57 2.20 0.53-9.21 0.81 0.23-2.87 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.22 0.27-5.46 2.13 0.42-10.8 2.87 0.65-12.7 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 0.92 0.20-4.34 1.33 0.32-5.56 2.84 0.78-10.4 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher           1.20 0.38-3.82 0.78 0.24-2.53 0.96 0.33-2.84 
  
Table 52. Adjusted Odds Ratio of Silicon Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Silicon Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 53. Adjusted Odds Ratio of Chromium Exposure, Child Level Covariates, and Outcomes 
       
 Social 
Problems 






Chromium exposure  
     1st Quartile 
     2nd Quartile 
     3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
   Other Ethnicity 



















Child Exposed to Smoking 
   No 




















Child Born Preterm 
   No 




















   High Performance 




















Table 54. Adjusted Odds Ratio of Chromium Exposure, Mother Level Covariates, and Outcomes 
 Social 
Problems  
95% CI Thought 
Problems 




Chromium exposure        
    1st Quartile 1.00 Referent 1.00 Referent 1.00 Referent 
    2nd Quartile 
    3rd Quartile 



















Age Mother Had Child       
   16-34 years  1.00 Referent 1.00 Referent 1.00 Referent 
   35-50 years 0.46 0.07-2.89 0.94 0.18-5.04 1.24 0.24-6.49 
Smoked During Pregnancy 
     No 



















Marital Status       
   Not married 1.00 Referent 1.00 Referent 1.00 Referent 
   Married 1.21 0.19-7.54 0.86 0.16-4.54 >999 <0.001->999 
Mom depression       
   No 1.00 Referent 1.00 Referent 1.00 Referent 
   Yes 1.68 0.30-9.46 1.06 0.19-6.07 2.14 0.36-12.8 
Education Status       
   Less than college degree 1.00 Referent 1.00 Referent 1.00 Referent 
   College degree or higher           1.23 0.29-5.26 0.61 0.15-2.45 1.66 0.41-6.75 
  
Table 55. Adjusted Odds Ratio of Chromium Exposure, Child and Mother Level Covariates, and Outcomes 
 Social 
Problems 
95% CI Thought 





Chromium Exposure  
    1st Quartile 
    2nd Quartile 
    3rd Quartile 































Age of Child 













Gender of Child  
     Female 



















Ethnicity of Child 
     Other Ethnicity 



















Child Exposed to Smoking 
     No 



















Child Born Preterm 
     No 




















     High Performance 



















Age Mother Had Child 
     16-34 years  



















Smoked During Pregnancy 
       No 





















     Not married 




















     No 




















     Less than college degree 




















Table 56. Logistic Regression with Social Problems, Aluminum Exposure and Variables Identified from 
Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Aluminum 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 












Table 57. Logistic Regression with Thought Problems, Aluminum Exposure and 
Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Aluminum 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











      No 










Table 58. Logistic Regression with Obsessive-Compulsive Problems, Aluminum 
Exposure and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Aluminum 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 59. Logistic Regression with Social Problems, Copper Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Copper 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 60. Logistic Regression with Thought Problems, Copper Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Copper 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 















Table 61. Logistic Regression with Obsessive-Compulsive Problems, Copper Exposure 
and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Copper 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 62. Logistic Regression with Social Problems, Iron Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Iron 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 












Table 63. Logistic Regression with Thought Problems, Iron Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Iron 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











Table 64. Logistic Regression with Obsessive-Compulsive Problems, Iron Exposure and 
Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Iron 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 













Table 65. Logistic Regression with Social Problems, Zinc Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Zinc 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 66. Logistic Regression with Thought Problems, Zinc Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Zinc 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











Table 67. Logistic Regression with Obsessive-Compulsive Problems, Zinc Exposure and 
Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Zinc 
    1st Quartile 
    2nd Quartile 














    4th Quartile 1.32 0.32-5.43 0.705 
Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 68. Logistic Regression with Social Problems, Titanium Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Titanium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Gender of Child 
     Female 










     High Performance 









Smoked During Pregnancy 
       No 











      No 













Table 69. Logistic Regression with Thought Problems, Titanium Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Titanium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











Table 70. Logistic Regression with Obsessive-Compulsive Problems, Titanium Exposure 
and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Titanium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 














Table 71. Logistic Regression with Social Problems, Nickel Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Nickel 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











      No 










Table 72. Logistic Regression with Thought Problems, Nickel Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Nickel 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











     No 












Table 73. Logistic Regression with Obsessive-Compulsive Problems, Nickel Exposure 
and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Nickel 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 74. Logistic Regression with Social Problems, Silicon Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Silicon 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 













Table 75. Logistic Regression with Thought Problems, Silicon Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Silicon 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 











Table 76. Logistic Regression with Obsessive-Compulsive Problems, Silicon Exposure 
and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% C.I P-value  
Silicon 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 














Table 77. Logistic Regression with Social Problems, Chromium Exposure and Variables 
Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Chromium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 







Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 











Table 78. Logistic Regression with Thought Problems, Chromium Exposure and 
Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Chromium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 

















     High Performance 









Smoked During Pregnancy 
      No 
















Table 79. Logistic Regression with Obsessive-Compulsive Problems, Chromium 
Exposure and Variables Identified from Purposeful Selection Modeling 
Variable OR 95% CI P-value  
Chromium 
    1st Quartile 
    2nd Quartile 
    3rd Quartile 
















Age of Child 








     No 









Ethnicity of Child  
     Other Races 











     High Performance 









Smoked During Pregnancy 
       No 
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